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DESIGN AND TESTING OF AN
ENVIRONMENTAL SENSING ROBOT

EXECUTIVE SUMMARY

The University of Central Florida's senior Aerospace Engineering design class designed and tested
a robot system for use in an enclosed environment. The conceptual design will be used to assist
the research performed by the Controlled Ecological Life Support System (CELSS) project.
Design specifications for the robot system include maximum load capacity, operation at specified
environmental conditions, low maintenance, and safety. The robot system must not be hazardous
to the sealed environment, and be capable of stowing and deploying within a minimum area of
the CELSS chamber facility.

This design consists of a telescoping robot arm that slides vertically on a shaft which is
positioned in the center of the CELSS chamber (Figure 1). The telescoping robot arm consists
of a series of links which can be fully extended to a length equal to the radius of the working
envelope of the CELSS chamber. The vertical motion of the robot arm is achieved through the
use of a combination ball screw / ball spline actuator system. The robot arm rotates cylindrically
about the vertical axis through the use of a turntable bearing attached to a central mounting
structure which is fitted to the actuator shaft. The shaft is installed in an overhead rail system
which allows the entire structure to be stowed and deployed within the CELSS chamber. The
overhead rail system is located above the chamber's upper lamps and extends to the center of the
CELSS chamber. The mounting interface of the actuator shaft and rail system allows the entire
actuator shaft to be detached and removed from the CELSS chamber. When the actuator shaft
is deployed, it is held fixed at the bottom of the chamber by placing a square knob on the bottom
of the shaft into a recessed square fitting in the bottom of the chamber floor. A support boot
ensures the rigidity of the shaft.
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Figure 1 CELSS Robot Design



During the second semester, three teams were combined into one group. The class designed a
model of the CELSS chamber robot that could be built by the students. They investigated
materials, availability, and strength in their design. Lexan was chosen as the best material to
build the links. Polycarbonate cement was used to glue the Lexan sections together to form the
telescopic arm. Slider bearings were used to facilitate the sliding motion of the Lexan links. The
model stand was built from aluminum and used a steel pipe to allow the telescopic arm to be
tested at various heights.

After the model arm and stand were built, the class performed pre-tests on the entire system. A
stability pre-test was used to determine whether the model robot arm would tip over on the stand
when it was fully extended. Results showed the stand tipped when 50 Newtons were applied
horizontally to the top of the vertical shaft while the arm was fully extended. This proved that
the stand was stable. Another pre-test was the actuator slip test. This was to determine if there
is an adequate coefficient of friction between the actuator drive wheels and the-drive cable to
enable the actuator to fully extend and retract the arm. This pre-test revealed that the coefficient
of friction between the drive wheel and the drive cable was not large enough to prevent slippage.
Sandpaper was glued to the drive wheel and this eliminated the slippage problem.

The class performed a fit test in the CELSS chamber. This test was to ensure that the completed
robot arm is capable of reaching the entire working envelope of the CELSS chamber. The robot
was centered in the chamber. The arm was able to fully extend to the sides of the CELSS
chamber. The arm was also able to retract so it cleared the drain pipes that separated the upper
and lower plant trays.



Foreword

During the 1993-1994 academic year Acrospace Enginecring design students designed and tested a model
of an environmental sensing robot. Aerospace Design 4700 and 4710 cater to a variety of design interests of senior
aerospace and mechanical engineering students at the University of Central Florida (UCF). The output of the course
sequence includes (a) oral design reviews, (b) a working model of the design and (c) a final report containing design
information plus results of model construction and testing.

A goal of this year's work, conducted with the Robotics Laboratory in the Controlled Ecological Life
Support System (CELSS) facility at Kennedy Space Center (KSC), was to design, build and test a safe robot system
that requires low maintenance while operating in a sealed environment. Emphasis was placed on making the robot
non-hazardous to the environment and making the robot capable of stowing and deploying within the minimum area
of the CELSS chamber facility. The fall semester was spent doing a detailed design of a model robot for testing
in the CELSS laboratory. In the spring semester the robot model was built at UCF, and tested at UCF and the
CELSS laboratory at Kennedy Space Center. Travel to the KSC test site was accomplished by all students in the
class to participate in the testing of the model robot arm for fit and function.

At the end of fall semester a design review was conducted at KSC. At the end of spring semester results
of testing the robot model were reviewed at KSC. Comments received from NASA and contractor engineers during
this review process have greatly influenced the content of this report and increased the engineering knowledge of
the students.

The Advanced Design Program (ADP) robot design team consisted of twenty-three engineering seniors.
Nathan Baker served as Graduate Teaching Assistant during both fall and spring semesters. Nathan's efforts
coordinating and guiding the interfaces of the designs were invaluable. He had the major task of integrating the
design and test reports into this final report. Mark Davis and Mike Patterson made significant contributions to the
final report and made the presentations at the summer conference. Nathan Baker is continuing as Graduate Teaching
Assistant for the coming academic year. I will be retiring after seven years of association with the fine people of
the Advanced Design Program. I will miss seeing my ADP friends and want to wish you all total success in your
design endeavors. Dr. Roger Johnson, a friend from yesteryear on the Air Force Academy faculty, will be taking
over the ADP at UCF beginning Fall Semester 1994. I am sure you will find Roger a true professional, and a great
Space enthusiast and friend, as I have over the years.

We gratefully acknowledge support from NASA, USRA, Bionetics Corporation and Rockwell International
in the NASA/USRA Advanced Space Design Program. Gabor Tamasi of the KSC Robotics Laboratory has
generously devoted his time guiding the design of a successful robot model in UCF design classes. His
comprehensive knowledge made this work possible. Special recognition at KSC is due Sterling Walker. Mechanical
Engineering Division Chief; Bill Jones, Advanced Mechanical Systems Branch Chief: Bill Knott, Life Science
Research Manager; John Sager, CELSS Research Manager; and Bill Martin, University Relations: for their
encouragement and support. At NASA Headquarters in Washington, D.C.. special recognition is due Dr. Robert J.
Hayduk, Office of Advanced Concepts and Technology; and Sherry McGee, Office of Human Resources and
Education. At USRA in Houston special recognition is due John Sevier, Director, Educational Programs; Vicki
Johnson, ADP Program Manager; and Barbara Rumbaugh, ADP Senior Project Administrator, for guidance and help.
We greatly appreciate the efforts of Dorothy Price and Donna Atkins for guidance and help searching out technical
documentation at the KSC library. We are indebted to Greg Opresko, Jim Aliberti, Dennis Matthews, Jose Alonso,
Cathy Parker, Bruce Larsen, and Dave Springer for their technical support and encouragement throughout the
academic year. For attendance at our design reviews and valuable technical comments we thank Bionetics CELSS
engineering lead Russ Fortson, and our Rockwell industry representatives; Suzanne Hodge from the local office, and
Scott Johnson and Davoud Manouchchri from Downey, California.

Professor Loren A. Anderson July 11,1994
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Chapter 1.0 INITIAL DESIGNS

1.1

1.2

1.3

1.3.1

INTRODUCTION

The Controlled Ecological Life Support System (CELSS) project was established by the
Kennedy Space Center (KSC) to study the effects of atmospheric changes on plant
growth'. The project is conducted on site at Cape Canaveral Air Force Station in a
large cylindrical vacuum vessel. The cylinder is divided into two chambers, an upper
and a lower. A robot model was designed to deliver a payload to specific locations
within the upper chamber.

The robot model is capable of delivering its payload to any point in the sealed chamber,
thus preventing the necessity for human intervention while an experiment is in progress.
The robot model is capable of operation for the duration of sealed chamber experiments.
The operation of the robot model does not alter nor damage the chamber structure,
environment, or growth of the crops. The specification can be seen in Appendix A.

REQUIREMENTS

The following are the design requirements for the CELSS robot?:

1. While not in use, the robot shall be stowable to avoid unduly affecting
experiments and to allow personnel free access to the chamber in between growth
cycles.

2. The robot shall not alter the chamber environment.

3. Robot shall demonstrate adequate flexibility to reach any point in the chamber.

4, The robot shall be capable of supporting a 15 kg payload at the end effector.

5. Robot installation shall minimize modification to the CELSS chamber.

6. Robot shall conform to design standards required for KSC and military projects.
7. SI measurements will be used in design.

8. Robot shall function through all possible CELSS environmental conditions
DESIGNS

Telescoping Robot

PRBSEDING PAGE BLANK NOT FILMEE



1.3.1.1

Description

The telescoping robot (Figure 1.3.1.1.1) is a ceiling mounted design which achieves
vertical motion through a telescoping body. Attached to the end of the vertical body, a
horizontal telescoping arm will be used to deploy the end effector. When stowing, the
arm and body retract to the ceiling (Figure 1.3.1.1.2).

1.3.1.2 Advantages

1.3.1.3

1.3.14

1.3.2

1.3.2.1

As the design employs only three degrees of freedom, the deployment of the payload
can be accomplished in a quick and simple manner**. The linear motion of actuators
eliminates pinch points®. The lack of complexity in the design results in a simple control
system. When stowed, both telescoping arms will be fully retracted and the robot will
fit in a small space near the roof. Installation involves mounting the robot to the
chamber roof with minimal modification to chamber.

Disadvantages

Due to long links and lack of lateral support, the robot may be susceptible to vibration®.
As the horizontal actuator can only move radially from the center of the tank, access to
areas in the center of the tank would be limited by the contracted length of the
telescoping links. The same applies for access to the very top of the tank, which would
be limited by the vertical link. The telescoping arms must also be designed without
lubrication or hydraulic actuation that can effect chamber environment. Safety becomes
important with any design which is attached to the ceiling due to a possible failure of
a critical part which could result in damage to the chamber.

Feasibility

The practicality of the design depends largely upon the commercial availability of
telescoping links. If the links are not available, their custom design and manufacture
may be expensive. Since lubrication may effect the closed atmosphere of the chamber,
this may present a problem in the design.

Scissor Link Robot
Description

The robot is mounted to the center of the chamber ceiling (Figure 1.3.2.1.1). Vertical
motion is provided by the deployment of scissor links, which retract to stow near the
ceiling (Figure 1.3.2.1.2), while angular motion is accomplished by a rotating actuator
at the end of the scissor links. A telescoping arm extends from the rotating actuator and
enables access to desired points.
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1.3.2.2

1.3.2.3

1.324

1.3.2.5

133

1.3.3.1

1.3.3.2

Advantages

Deployment of the scissor links gives quick and flexible access to the tray area. The
design includes redundant links for added stability and safety. The retracting of the
scissor links allows the robot to fold into a compact position near the ceiling. Because
of its compact, stowed position, personnel may access the chamber without robot
interference.

Disadvantages

The system is complex due to the configuration of the moving links. When fully
extended, this design may be insufficient to provide adequate support. Due to the size
of the folded scissor links, access to areas near the top of the chamber may be
obstructed. The design will create pinch points when folding, reducing the safety.

Feasibility

Actuation of scissor links may prove too complex for practical design. The four links
of each section must move together exactly to prevent binding. The link size required
for a stable system may be impractical.

Hybrids

The rotating actuator may be placed at the ceiling mount to for increased stability and
simplification of wiring.

Track Following Robot
Description

A track will be installed horizontally around the tank in between the two shelf levels.
The radius of the track will match the inside of the trays. Deployment of the payload
will be accomplished by a two link arm which moves along the track (Figure 1.3.3.1.1).
The outer link is supported by double actuation. Robot will stow at the end of the shelf
and not inhibit access to the center of the chamber (Figure 1.3.3.1.2).

Advantages

Due to the proximity to the shelves and the central location of the track, the lengths of
the links may be compact. This compactness will provide greater stability at the payload
and require lighter links. The central location will allow quick deployment of the
payload. The control of the robot will be aided by the use of existing technology for the
two link arm and the location. The design of a redundant link arm will increase safety.



Figure 1.3.3.1.1 Track Following Robot

Figure 1.3.3.1.2 Track Following Robot
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Disadvantages

Installation of the Track Following Robot may require extensive modification to the
CELSS chamber and may alter the chamber environment. Exposed wiring of the track
follower may also prove undesirable. The compact nature of the robot may prevent
access to the upper and lower reaches of the chamber. Debris in the track may hinder
movement.

Feasibility

The installation of the track may prove impractical due to conflict with existing chamber
hardware. The custom fabrication of the track may be too expensive to be practical.

Hybrids

A multiple level track system would allow for greater access to the extremes of the
chamber. A switching device would be required to transfer the robot between tracks.
This would result in increased difficulty of installation, complexity, and cost.

Three Link Arm
Description

The robot will be mounted to the center of the tank roof (Figure 1.3.4.1.1) and will use
a rotating actuator at the roof for angular motion. A three link arm will then deploy the
payload to the desired location. The arms will be slotted to fold inside one another when
stowed (Figure 1.3.4.1.2). The folded arms stow along the roof.

Advantages

The Three Link Arm will provide adequate flexibility to reach any point in the chamber
and may allow movement over obstacles. Due to the slotted arms, the robot will stow
to a small volume near the roof to allow access to the chamber. As this design is
commonly used, existing technology may be incorporated to minimize cost and custom
fabrication of components. The redundant arm design will increase strength and improve
safety.

Disadvantages

The complexity of this design will increase the difficulty of control and increase the
chance of damage to the chamber. The lack of support of the robot at full deployment
may result in additional instability and vibration during robot motion. Due to the bulk
of the system, deployment will be slow, and the movement of the robot may create pinch
points.

9
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Feasibility

The use of existing technology makes this design favorable in terms of design effort and
cost. Existing software may be used to simplify control. The increased chance of
damage may make this design impractical.

Hybrids

Slotted links which allow translation of the actuators along their length (Figure 1.3.4.5.1)
will increased ease of deployment. Stability will be increased when the actuators are not
fully extended along the links. The system will stow near the roof by folding the slotted
links (Figure 1.3.4.5.2).

Supported Two Link Arm
Description

The robot is mounted to the center of the chamber ceiling (Figure 1.35.1.1). A
telescoping vertical shaft deploys a stabilizing support to the floor and a two link arm
to the center of the chamber. An actuator at the ceiling rotates the entire vertical shaft
and the two link arm deploys to the desired position. The outer link is supported by
double actuation. When stowed, the vertical shaft is retracted fully and the arm folds
against the ceiling (Figure 1.3.5.1.2).

Advantages

The extended support will enhance the stability, strength, and safety. As the design
employs a minimal number of degrees of freedom, deployment can be accomplished in
a quick and simple manner. The simple design will make control simple. The two link
arm can make use of existing technology. The use of a redundant outer link will increase
the safety.

Disadvantages

The bulk of the telescoping shaft and support will decrease stowability. As the length
of the two link arm is limited by practical considerations, access to the upper and lower
limits of the chamber may be limited. The bulk of the design will create a potential
hazard even when stowed. The movement of the two link arm may create pinch points
which will decrease the safety.

Feasibility

The practicality of the design depends largely upon the commercial availability of
telescoping links. If the links are not available, their custom design and manufacture

11



Figure 1.3.4.5.1 Three Link Arm Hybrid
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1.3.6.4

may be prohibitively expensive. Whether such links can be employed without lubrication
is also an important issue, as lubrication may affect the closed atmosphere of the
chamber.

Hybrids

A screw shaft with a telescoping floor support may be used to deploy the two link arm
(Figure 1.3.5.5.1). This would increase flexibility in the upper half of the chamber
through vertical translation of the two link arm. The shaft would fold against the ceiling
when stowed (Figure 1.3.5.5.2).

QOverhead Beam Robot
Description

A horizontal beam spans the diameter of the chamber and is mounted on a track near
the roof (Figure 1.3.6.1.1). Track following actuators rotate the beam around the
chamber. A vertical screw shaft, which reaches the floor of the chamber, translates along
the length of the overhead beam. A rigid arm, parallel to the overhead beam, is
deployed vertically along the screw shaft. Deployment is accomplished by a combination
of beam rotation, screw shaft translation and vertical translation of the arm. The system
is stowed by rotating the overhead beam to the end of the shelves and moving the screw
shaft to the wall.

Advantages

The short length of the rigid arm increases its stability by decreasing the moment arm
of the payload. The horizontal beam adds to stability by increasing the lateral support
of the system. The stowed robot is away from the center of the chamber and overhead.
The lack of pinch points adds to the safety of the robot. As the robot employs only three
degrees of freedom, control will be simple.

Disadvantages

Flexibility of the robot is limited in the upper reaches of the chamber. The installation
of the system will require extensive modifications to the chamber. The length of the
horizontal beam will make angular deployment slow. The lack of redundancies will
decrease the safety.

Feasibility

The installation of the track may prove impractical due to conflict with existing chamber
hardware. The custom fabrication of the track may be too expensive to be practical.

14
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INTRODUCTION

The final design of the robot incorporates aspects of several of the early designs. The
deployment of the robot is accomplished by an overhead track which allows movement
of the robot from the wall to the center of the chamber. When locked in place at the
center of the chamber, the robot will be in the deployed mode. Vertical movement in the
chamber is accomplished by means of a ball saline shaft. Angular deployment of a
telescoping arm is accomplished by a rotating turntable bearing. By means of this
system, a payload may be placed at any point within the requirements of the project.
The absolute positioning obtained by locking the vertical shaft in place will simplify
control greatly.

The robot design group has been divided into three sub-groups, each with a sub-system
of the robot to design. This report will deal with the design of the track system and the
base assembly. It was determined that the most effective operating position of the base
would be at the center point of the ceiling. For greatest stowability, the robot must stow
along the wall of the chamber. The purpose of the track is to allow the movement of the
base assembly between the ceiling and wall. This movement should not require more
than two people. The base assembly should be capable of smoothly moving the robot
along the track, and fixing the robot in place when stowed and when deployed.

SUB-SYSTEM REQUIREMENTS

The following are the design requirements for the track and base assembly sub-system
for the CELSS robot:

1. While not in use, the robot shall be stowed to avoid unduly affecting experiments
and to allow personnel access to the chamber.

2. While not in transit, the sub-system should be locked in place to prevent
movement.
3. Deployment and stowing of the robot will not require more than two people.

4. The sub-system shall be capable of supporting the robot with a 15 kg payload at
the end effector.

5. Installation shall minimize modification to the CELSS chamber.
6. The robot shall function through all possible CELSS environment conditions.
7. The robot shall not alter the chamber environment.

16
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8. The robot shall conform to design standards for KSC and military projects.
9. SI measurements will be used in design.

SUB-SYSTEM DESCRIPTION

Hardware Description

Rail Assembly

A vendor search determined that a curved track was not feasible. The track will be
mounted in an inverted horizontal fashion to allow movement of the robot from the
center of the chamber to the wall. The rail assembly is a LinTech 1.98 m rail system’.
The system consists of two circular 1.59 cm diameter rails mounted to a flat 11.75 cm
wide support (Figure 2.3.1.1.1). This system will be suspended in an inverted position
from the ceiling. The track support is made of black anodized aluminum with steel rods
for the rails. As recommended by the manufacturer, the rails will be chrome plated to
avoid corrosion in the chamber environment.

Carriage Assembly

A LinTech #46 carriage assembly will be used to move the robot from the stowed to the
deployed positions. This assembly mounts a flat 17.15 cm X 30.48 c¢m plate on four
pillow blocks for linear translation along the rail (Figure 2.3.1.2.1). Pillow blocks have
been chosen which do not require lubrication. This carriage is rated by the manufacturer
at a maximum load capacity of 2850 N in an inverted position. This should be more
than sufficient to support the 60 kg mass of the robot and will also provide a factor of
safety of 2 over yield.

Mounting

To provide support for the track, a C5 X 9 channel will be bolted to the track along it's
length at existing fastener holes. The existing holes are located in pairs every 27.94 cm
along the length of the track. S3 X 7.5 beam supports will be used to mount the channel
to the roof. The ends of the beams will be cut at a 45 degree angle. Flat plates, 7.67
cm X 6.35 cm and .64 cm thick, will be welded to the ends of the I-beams. A pair of
I-beams will then be bolted, with two 1cm bolts on each side, to the sides of the channel
through their end-plates at four points along the channel. These supports number 1-4
from the wall (Figure 2.3.1.3.1-Figure 2.3.1.3.4). The other ends of the I-beams will be
bolted, with four bolts on each beam, to the roof of the chamber. Silicone sealant will be
used ensure an airtight seal around the bolts through the roof. Four pairs of supports will
be mounted to the channel along its length (Figure 2.3.1.3.5). The use of four support
pairs will ensure that the rail does not bend beyond 0.00054 m. This gives a factor of
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safety of two over the maximum allowable deflection, as specified by the manufacturer
of Simplicity bearings.

Bearings

Simplicity bearings have been chosen for the pillow blocks®. These bearings do not
require lubrication or maintenance, even in harsh environments. The Frelon liner creates
low wear and high strength, and will not peel, extrude, or separate. The load advantage
is four to eight times greater than linear ball bearings. The temperature ranges and
humidity levels of the chamber will not effect performance. The liner is chemically inert
and resists most chemicals. The thick liner dampens shock and absorbs vibration. The
coefficient of friction is the same under static conditions as under dynamic conditions,
eliminating sticking or slipping.

Positioning Mechanism

Positioning of the carriage in the deployed position will be maintained by a locking
mechanism. This mechanism consists of a probe (Figure 2.3.1.5.1) which is notched for
the reception of a pin and a base assembly (Figure 2.3.1.5.2) that contains a spring
loaded pin. The probe will be attached to the bottom of the interface plate with two 1
cm bolts. The bolts also serve to secure the interface plate to the carriage. When the
robot is deployed, the probe on the carriage will insert into the base assembly which is
itself attached to the rail base. A spring loaded plunger inserts into the notch on the
probe and secures the carriage. A spring installed around the probe will absorb any
impact generated when the robot is deployed. To release the carriage when stowing the
robot, the plunger will be pulled manually from the probe notch through a cable release.
The base assembly is attached to the positioning mechanism (Figure 2.3.1.5.3) so the
deployed position of the carriage is adjustable along the length of track.

Stowed End Stop

For positioning when stowed, a simple stop block will be attached to the track base
which will stop the carriage. This block will prevent movement of the carriage beyond
the desired stowing position.

Braking Mechanism

The frictional coefficient (static and dynamic) of the Simplicity bearings is .24. This will
act as a breaking mechanism for the carriage. The braking force from the bearings is
equal to the normal force of the weight of the robot and carriage multiplied by the
frictional coefficient. This force has been calculated (Equation 2.3.1.7.1) for an assumed
assembly mass of 120 kg to be 281 N. This force will act as a braking mechanism and
prevent excessive carriage speed during deployment.



Figure 2.3.1.5.1 Probe
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Equation 2.3.1.7.1 Fp=(p) (W)

2.3.1.8 Ball Screw Interface Plate

2.3.2

A 17.15 X 30.48 cm aluminum alloy plate with a hollow aluminum alloy cylinder will
be used to mount the ball screw to the carriage (Figure 2.3.1.8.1). The cylinder will be
hollowed to accept the 32 mm shaft end. The plate will be fastened to the carriage at
four bolt holes located at the corners of the plate. Two stainless steel pins, each 1.27 cm
in diameter, will be used to fasten the shaft to the interface plate. The pins will be
inserted through the hollow cylinder and shaft at right angles to each other for stability.
Cotter pins will be used to hold the fasteners in place This will allow easy removal of
the shaft for maintenance.

Aluminum alloy 6061-T6 will be used for fabrication of the interface plate. This alloy
is used in heavy duty structures where corrosion resistance is needed. The alloy displays
excellent corrosion resistance in all natural atmospheric environments and many artificial
ones’. The aluminum will be black anodized to further protect against corrosion.

To provide lateral flexibility of the deployment position, the four bolt holes on the
interface plate will be slotted to 2.5 cm in length. This will permit the bolts to be
fastened at any point along the slot length, permitting exact fine tuning of the robot
position in the direction perpendicular to the rail.

Installation

Following is the procedure for installation of the track system:

1. The C-channel is bolted to the track base.
2. The I-beam supports are bolted to the channel.
3. The interface plate is bolted to the carriage.

4. The carriage is mounted to the rail.
5. The end stoppers are attached to the rail base.

6. The locations of the bolt holes through the chamber roof are determined by
positioning the rail assembly as specified.

7. The bolt holes are drilled through the chamber roof.
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8. The I-beam supports are bolted to the chamber roof.

9. The bolt holes throughout the chamber roof are sealed with silicone sealant.
Deployment

After installation, the following procedure is used to deploy the robot:

1. The vertical shaft is pushed from the stowed position to the center of the chamber
until the carriage contacts the adjustable locking mechanism.

2. The support jack on the bottom of the vertical shaft is deployed.
To stow, this procedure is followed in reverse order.
Kinematic Analysis

When deployed, the robot must be capable of reaching points from 15.24 cm above the
chamber floor to 25.4 cm above the top light rack. A horizontal track is oriented near the
roof to allow stowage of the robot in the area between the end of the shelves and the
door. The stowed position of the robot will be at chamber wall. Fixed stops at the end
of the track prevents the robot from leaving the track. Deployment and stowing of the
robot is accomplished by manually moving the robot along the track. An adjustable
locking mechanism allows fine tuning of the deployed position.

Stress Analysis

Principle stresses during movement of the robot occur in the track system. To increase
the stability of the track, a C-channel is bolted to the track. This channel increases the
rigidity of the track and helps avoid deflection of the rods. To further decrease the
deflection of the rods, additional supports are added along the length of the track. The
distance between these supports is based upon the maximum allowable deflection of the
track specified by the manufacturer of the Simplicity bearings, this deflection value is
00108 m. With a factor of safety of 2, the maximum allowable defection desired
becomes .00054 m. By using Equation 2.3.5.1, a length of .667 m between supports can
be interpolated'’. This equation assumes deflection due to robot weight and deflection
due to track and channel weight are cumulative. The weight of the track and channel per
meter is 234.3 N/m. The weight of the robot is 1177 N.
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Equation 2.3.5.1 Vo= SqL*  WwL*
mx "~ 3g4F]  48El

Qo= Weight per meter

L= Length between supports
W= Weight of robot

E= Modulus of Elasticity

I= Moment of Inertia

Principle stress of the robot during operation occurs due to a moment arm created by the
weight of robot arm and payload about the shaft. The supports are angled to account for
the moment created when the robot is perpendicular to the track. The maximum value
of this moment occurs when the arm is extended to its range of 1.8 m with a load of 15
kg at the end effector, and the weight of the arm at the center of gravity. This moment,
taken around point A at the base of the ball screw, must be countered at the top of the
ball screw, 3 m, by the a force of 151 N can be calculated. This force acts in the
horizontal direction, while the 686.7 N weight of the robot acts in the vertical direction.
These values yield a force vector at 77 degrees to the horizontal axis. An angle of 45
degrees is used for the supports to account for future modification of the robot for
greater loads.

Stress calculations were preformed to determine proper sizing of fasteners''. For
horizontally oriented fasteners, stress area was calculated as the diameter of the fastener
multiplied by the depth of penetration. For vertical fasteners, the area was calculated
using Equation 2.3.5.2. The force acting on the fasteners was determined, and a stress
was calculated by Equation 2.3.5.3. This stress was compared against a allowable stress
to determine feasibility. All fasteners will be stainless steel (Alloy 304). The allowable
tensile stress for stainless steel is 579 MPa. A common fastener size of 1 cm will be
used to minimize the number of tools needed for installation. The fasteners used to
mount the supports to the ceiling and to mount the supports to the channel will be fine
thread. All fasteners used in aluminum will be coarse thread and use insulating vinyl tape
to protect against galvanic corrosion.

Equation 2.3.5.2 A, = 5.067 (D-———'9743 )
n

S

A= Stress Area
D= Diameter of bolt
n= Threads per inch
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Equation 2.3.5.3 o =

ik

F= Force on fastener
A= Stress area
O= stress

The cylinder on the interface plate is fillet welded on its entire perimeter to the base
plate. The channel support beams are welded to a fastener plate. The welds are required
to be at least 0.64 cm in width. For the parallel fillet weld used, the maximum allowable
shear stress and normal stress are 796 kPa and 873 kPa, respectively. The equations
used for the calculations are given by Equation 2.3.5.6 and Equation 2.3.5.7.

Equation 2.3.5.6 <= F
A
1= shear stress
F = shear force
A = area
Equation 2.3.5.7 g = AfC

2.3.6

o= normal stress

M = moment

C = Distance from axis of rotation
I, = unit second moment of area

Vibration

The type of forcing function and imbalances occurring in the system are to be
determined. This fact does not allow numeric analysis to be completed, instead some
fundamental methods of reducing vibrations in our design are presented. To minimize
residual vibrations the rail carriage is mounted on Simplicity Bearings. These solid
polymer bearings use a 0.05 cm liner to dampen shock load and absorb vibration.
Simplicity Bearings provide more effective surface area than do ball bearings. This
additional area provides increased vibration damping by better distributing the shock
load. The bearings do not stick or slip. This quality eliminates binding and vibration
of the carriage.
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A viscoelastic coating is applied to the carriage plate and to the shaft interface plate to
climinate the transmission of vibrations."* A Frelon liner is used in the cup of the
interface plate to absorb shock transmitted from the screw shaft to the carriage. All
fasteners incorporate slotted and castellated nuts to avoid vibration loosening.

Maintenance

Cotter pins to hold the shaft fasteners in place allow easy removal of the shaft for
maintenance of the shaft and telescoping arm. The Simplicity Bearings are manufactured
to require no lubrication or maintenance, even in harsh environments. The removal of the
adjustable stopping block at the deployed end of the track allows removal and
maintenance of the carriage and interface plate. The track and carriage assembly are
environmentally resistant and do not require maintenance or inspection.

Safety

Due to the large friction force generated by the bearings, the carriage stops itself quickly.
This inherent braking feature prevents accidental translation of the carriage and therefore
eliminates damage to the robot during deployment. Risk of injury to personnel while
deploying the robot is minimized.

As the entire rail and carriage system is located at the roof of the chamber, catastrophic
failure of the mounting brackets poses a hazard to personnel below. Special attention
must be paid to the construction and installation of the mounting brackets to avoid such
a failure.

Other critical parts include the interface plate and the pins which secure the ball screw.
Stress analyses of these components have confirmed their theoretical strength, yet
attention must be paid to their construction and maintenance. Periodic inspection of welds
and fasteners are needed to spot corrosion or deterioration which may lead to failure.

SUMMARY

The track and carriage assembly sub-system provides a means for moving the robot
apparatus from the stow position at the wall to the deployed position at the center of the
ceiling. The movement of the robot requires no more than two people, and the carriage
assembly locks in place while not in transit.

A horizontal track provides adequate stowability and ease of deployment. An inverted
carriage translates from the deployed position at the center of the chamber to the stowed
position near the chamber wall. Attached to the carriage is an interface plate with a
hollow cylinder which receives the ball screw. The ball screw is secured to the cylinder
with two removable stainless steel pins.
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A locking device secures the carriage in the deployed or operational position on the
track. The device is adjustable both along the track and laterally. This allows for fine
tuning of the operational position of the robot so that the ball screw will be aligned with
the location of the floor jack receptacle on the chamber floor. During deployment, the
friction force generated by the Simplicity Bearings acts as a braking mechanism and will
control the speed of the carriage.

The locking device is released by pulling a ring attached to a short release cable. A
hook on an extension handle is employed to perform the release operation, as the hook
may be stored outside of the chamber while the robot is in operation.

Chapter 3.0 OBSERVATIONS AND RECOMMENDATIONS

The dimensions used for design of the track supports are based on rough field
measurements. The measurements made on site did correspond to the data given on the
plans obtained from NASA. Exact measurements of the chamber confirmed positioning
of the beam supports for the track assembly.

The PVC pipe, attached along the inside shelf diameter, need to be modified to allow for
maximum stowability. This pipe appears to be a standard length pipe fitted to the shelf
and thus shortening should not be a problem.
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Chapter 5.0 INTRODUCTION

The CELSS chamber is used to perform research on hydroponic plant growth in a closed
environment. The CELSS chamber research is performed over the entire plant life cycle
and can be used to enhance our understanding of life science manipulation in closed test
beds and also provide a baseline for space applications (i.e. space station modules and
lunar based space labs). Current and future operations within the CELSS chamber restrict
human entrance to avoid contamination, and provide a perfect opportunity for the
implementation of an automated system that will be capable of performing expanded
tasks.

Phase I of the proposed robot design will be used to measure environmental parameters
as follows: 1) temperature, 2) light level, 3) humidity, 4) air flow, and 5) CO,. Phase II
of this project is to use this robot to tend the plants in the CELSS chamber. Plant tending
includes planting, removal and harvesting of crops, adjusting and checking nutrient stream
flow. The proposed design must to able to reach all areas within the working envelope
of the CELSS chamber with sensor array and gripper, support a maximum load of 15
kilograms at the end effector, and be stowable within the chamber to allow for normal
operations to continue (Appendix B, Specifications). Additionally the system design
configuration should minimize stowed volume and chamber facility modifications.

The ball screw / ball spline subsystem enables the robot arm to translate in the vertical
direction and rotate 360° about the vertical axis. The telescoping robot arm is mounted
on the turntable bearing which is located on the top section of the CMS. The telescoping
arm can manipulate the end effector to within 0.254 meter above the floor of the chamber
and 0.15 meter above the upper lamps to access a tool changer.

5.1 OVERVIEW OF DESIGN

This design consists of a telescoping robot arm that slides vertically on a shaft which is
positioned in the center of the CELSS chamber (Figure 5.1.1). The telescoping robot arm
consists of a series of links which can be fully extended to a length equal to the radius
of the working envelope of the CELSS chamber®’. The vertical motion of the robot arm
is achieved through the use of a combination ball screw / ball spline actuator system. The
robot arm rotates cylindrically about the vertical axis through the use of a turntable
bearing attached to a central mounting structure which is fitted to the actuator shaft. The
shaft is installed on an overhéad rail system which allows the entire structure to be stowed
and deployed within the CELSS chamber. The overhead rail system is located above the
chamber's upper lamps and extends to the center of the CELSS chamber. The mounting
interface of the actuator shaft and rail system allows the entire actuator shaft to be
detached and removed from the CELSS chamber. When the actuator shaft is deployed
it is held fixed at the bottom of the chamber by placing a square knob on the bottom of
the shaft into a recessed square fitting in the bottom of the chamber floor. A support boot
ensures the rigidity of the shaft.
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Chapter 6.0 POSSIBLE DESIGN SOLUTIONS

6.1

6.1.1

6.1.2

The selection of the robotics system and specifically the manipulator arm was based on
the intended applications mentioned in Chapter 5. Consideration was placed on
repeatability, maintenance, safety, environmental conditions, availability of sensory
information for the controller, number of major components, accessibility and other
issues'®. The term repeatability'’ refers to the measure of consistency of the end effector
returning to a specified point when placed in a repetitive motion.

The following will present the advantages, disadvantages and the feasibility for each robot
design concept. There are figures depicting each design in its deployed operational and
stowed positions. We have presented several conceptual ideas with their advantages and
disadvantages based on the design specifications given. No conclusions are given in this
section.

TRACK DRIVEN ROBOT

This conceptual design consists of a fully self-contained configuration that uses a
combination of telescoping and an articulated arm’ (Figure 6.1.1). This design has a wide
range of mobility which allows it to be easily positioned within the CELSS chamber to
perform necessary tasks. When deployed, this design will lock into position by lowering
two support arms which will provide additional stability while performing necessary tasks
within the CELSS chamber.

Feasibility

This design may not be feasible because it is potentially unstable. The instability is a
result of the fact that it is not permanently affixed to the CELSS chamber. The length
of the components necessary in the arm to reach all areas of the working envelope could
also be a source of instability. The weight necessary to ensure stability of the base of this
robot could apply undue stress to the floor of the CELSS chamber. This design will also
require complicated sensory and control systems to ensure no damage is done to the
CELSS chamber.

Advantages

This design requires minimal, if any, modification to the CELSS chamber. The robot
does not require extensive mounting installations within the CELSS chamber. Since the
robot is a free and portable unit, maintenance routines can be performed both inside and
out of the CELSS chamber. This allows maintenance to be performed in a safe and
comfortable environment while normal CELSS chamber operations continue. The robot
may also be used for other applications since it is not permanently mounted within the
CELSS chamber (Figure 6.1.2.1). Since chamber modifications are minimal, few
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6.2

6.2.1

6.2.2

interruptions of normal CELSS operations result. The robot requires minimal storing
space with its telescoping design.

Disadvantages

Due to the unmounted configuration of the robot requires elaborate sensory and control
device systems. Also, the free standing nature of the robot requires additional actuators
for the support arms used in the deployed stationary position. This free unit design
requires an independent power source which involves heavy battery packs. These battery
backs require periodic recharging.

POLE MOUNTED ROBOT

This design concept consists of an articulated robot arm that slides vertically on a pole
which is positioned in the center of the CELSS chamber (Figure 6.2.1). The vertical
motion of the robot arm is facilitated by rollers within the collar attached to the pole. The
robot senses its position by bar codes placed on the pole. The pole is installed on an
overhead gantry robot which is a special type of cartesian robot manipulator. This
configuration moves the robot arm in the horizontal plane of the CELSS chamber. The
mounting system is located above the upper lamps in the CELSS chamber (Figure 6.2.2).
This horizontal motion allows the robot arm to be positioned closer to the plant trays. The
robot arm rotates in cylindrical motion around the pole. The arm consists of two short
links which can be extended. A combination of the extension and rotation of the arm
allows the robot to reach all necessary areas within the working envelope of the CELSS

chamber. The robot is stowed out of the way in the space just left of the door (Figure
6.2.3).

Feasibility

The pole robot is an accurate and stable system configuration. However its bulky
configuration and stow mechanism make it more complex. The number of components
required for this robot increase the cost of construction.

Advantages

The overhead gantry system uses cartesian motion which is simple and requires fewer
control systems. The pole is positioned close to the plant tray being tended thus the a
shorter robot arm with less links is required. This will increase stability of the robot and
reduce the strength requirements of materials used in construction. Maintenance is
preformed easily since the robot can be positioned at a comfortable height in the center
of the CELSS chamber. The electrical cabling is safely stored within the vertical pole.
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6.2.3

6.3

6.3.1

6.3.2

6.3.3

Disadvantages

The cartesian mounting system is large and requires some chamber modifications to the
roof area. The roof mounting requires extra motors and safety sensors. Extra safety
measures are required for personnel while the pole robot is in operation.

CABLE ROBOT

This design consists of an articulated robot suspended from the ceiling of the CELSS
chamber via steel reinforced cables. The system is manually deployed by attaching a
cable to a floor mounting (Figure 6.3.1). The robot readies itself for operation once
activated by tightening the cables to a set torque requirement. The vertical motion of the
robot is achieved through a system of motor driven pulleys located within the circular
base of the system. The articulated robot arm is mounted to a collar base capable of
rotating 360 degrees thus enabling the arm to reach all of the plant trays. In order to stow
the cable robot, the cables are relaxed, the center support cable is disconnected and the
stow mode switch is activated. The robot reels in the cables and positions itself in the
upper portion of the CELSS chamber .

Feasibility

This conceptual design is relatively simple and efficient, however, its structural stability
during motion may prove to be a problem due to vibrations from the internal pulley
system. This design requires only minor chamber modifications, and the cost of its
mounting system is minimal. Vertical motion control systems and maintainability are also
simple and efficient due to the robots motor and pulley system.

Advantages

The simple cable and hook assembly of the robot system require only minor modifications
to the CELSS chamber. Installation and cost of the robot mounting system are minimal,
and its motor and pulley system is designed for efficient maintainability. In addition the
arm is easily accessible for maintenance when in the deployed position.

Disadvantages

Structural stability of the robot during operation is questionable. The pulley systems used
for vertical motion requires synchronization with the actuator control system resulting in
a complicated feedback loop. The torsional stress required to support the robot may apply
increased stress to the CELSS chamber, and the robot requires human interface to deploy
and stow (Figure 6.3.3.1).
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6.4

6.4.1

6.4.2

6.4.3

6.5

LEG-MOUNTED ROBOT

The leg-mounted robot is an articulated robot arm suspended on a platform with
telescoping tripod legs attached to mounting brackets in the floor. In order to deploy, the
robot is pushed on rollers from its stowed position to the center of the chamber. On each
tripod leg is a two position control lever. In one position it is on rollers and in the other
the leg is locked down in the recessed floor attachments (Figure 6.4.1). The telescoping
link legs allow the robot to tend to both levels of plant trays. The legs have three set
positions. One for the tending of each level of plant trays and one for the stowing of the
robot (Figure 6.4.2).

Feasibility

This concept is feasible and lower cost due to the manual deployment and stowing of the
system. This design requires only minor chamber modifications, and the cost of its
mounting system is minimal. There is some potential for instability due to the tripod
design of the robot base.

Advantages

The Leg Mounted Robot requires only minor modifications to the CELSS chamber. The
only required modifications will be three (3) recessed mounting brackets in the floor of
the chamber for the tripod mounting system. Since there are no special mounting
requirements or intricate system of robot mobility much time and expense are saved.

Due to the non-permanent mounting design of this robot, routine and unscheduled
maintenance can be performed easily both inside and outside of the CELSS chamber. Also
because of this mounting system the robot may be used for other applications with minor
robot modifications. Also because of the un-mounted design the robot requires minimal
storing space. The telescoping legs also reduce the storage space of the robot. The robot
stores easily in the space to the right of the entrance to the chamber.

Disadvantages

One disadvantage to this design is that the robot is manually deployed and stowed. The
telescoping legs used in stowing and deployment require complicated mechanisms for
vertical movement. Due to the design of the legs, a redundant safety system has to be
built for the legs and robot arm in the event of system failure.

LINK-MOUNTED ROBOT
The link-mounted robot is mounted on an overhead gantry similar to the Pole Mounted

robot. This Cartesian system facilitates the horizontal motion of the robot. The robot has
four (4) main links that are used for deploying/retracting the robot. These links are
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6.5.1

6.5.2

6.5.3

6.6

attached to the cross-bar of the cartesian mounting. When fully deployed the links will
extend vertically downward enabling the robot to reach the lower plant trays in the
CELSS chamber (Figure 6.5.1). For the robot to reach the upper trays in the chamber the
four main links will retract into a horizontal position, level with the cross-bar to which
they are attached. The robot arm itself consists of three (3) short links. When extended
the arm can reach both the front and back of the plant trays. To facilitate the cylindrical
motion of the robot arm the base of the robot will rotate in the horizontal plane. The
robot arm, will stow from the retracted position by folding the links of the arm into a
position that will not interfere with chamber operations (Figure 6.5.2).

Feasibility

The conceptual design allows the robot arm manipulator to reach the entire work
envelope. The multiple supports ensure the load capacity and stability of the robot.
Possible problems to overcome are interaction of redundant motors and structural
components to ensure safety for this roof based design. Safety and maintenance issues
can be met with a properly designed system.

Advantages

The automatic deployment/stowing of the robot reduces the human robot interaction. The
link mounted design of the robot is a stable design. This design allows for heavy load
capacity. The link design is also a reliable design in that the majority of the components
used are mechanical. Cartesian movement in the ceiling mounting system allows for
closer positioning to the plant trays.

Disadvantages

The design requires extensive chamber modifications. A tethered wire power cable will
add design complexity for a safe design. Maintenance accessibility may be difficult
because roof mounted components will require technicians to use ladders or elevated
platforms. Another problem will be the installation of a permanent roof mounted
cartesian positioning system. The roof mounted maintenance and components will be
more complex due to the additional four (4) motion positioning links attached to the roof.

TELESCOPING LINK-MOUNTED ROBOT

This robot uses a cartesian configuration mounting structure with sliding links and an
articulated configuration arm (Figures 6.6.1). The mounting structure mechanism will
permit the robot to position itself at distances required to perform necessary tasks. The
sliding link mechanism will permit the robot to stow closer to the ceiling, and also reach
necessary areas within the CELSS chamber (Figure 6.6.2). The combination of articulated
and telescoping arm gives the robot the flexibility required to insure proper positioning
of the end effector during operations.
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6.6.1

6.6.2

6.6.3

6.7

6.7.1

Feasibility

This conceptual design has the potential of performing all required tasks within the
CELSS chamber. By combining an articulated arm with a telescoping base, this design
has access to all regions within the CELSS working environment. It also has the
advantage of minimal stowing area so it does not interfere with access to the CELSS
chamber. A possible problem is encountered in maintainability and safety. Having a
mounting structure attached to the ceiling might create some difficulty in maintenance
routines due to the height of some of the components. Also, a ceiling mounted structure
requires redundancy components to eliminate the possibility of injury to humans or the
CELSS environment caused by falling parts in the case of structural failure.

Advantages

The robot is automatically deployed and stowed, and is stowed in an area that will not
interfere with personnel operations when they need access to the chamber. Cartesian
movement in the ceiling mounting system allows for closer positioning to the plant trays.

Disadvantages

Maintenance accessibility may be difficult because not all the components are accessible
for maintenance routines and a ladder or platform is required to service the mounting
structure. Extensive chamber modifications are required for installations to include
attachment of a permanent mounting structure. Maintenance routines in general, are more
complex due to the different type of motion mechanisms employed.

DUAL ARM WALL MOUNTED ROBOT

This design consists of two (2) separate two (2) link revolute (articulated) manipulator
robots that are mounted on U-shape tracks extending around the CELSS chamber just
below each of the lamp levels. The robot moves along the track via rubber rollers.Sensors
determine the position of the robot by reading bar codes on the track. In the deployed
position the robot can reach both the front and back of the plant tray positioned directly
below the track (Figure 6.7.1). In the stowed position the robot links fold out of the way
of normal operations.

Feasibility
This conceptual design requires extensive modification to install a track system. However
once installed, the robot will perform all required tasks occupying minimum space. Two

separate robot systems are required increasing the cost of the entire project. The
repeatability of this design will be well within required specifications.
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Advantages

The dual arm wall mounted design is simple compared to track driven, link and pole
mounted hybrid. This is the only design which does not interfere with human attendants
even when the robot is in operation. The robot stowing mechanism is simple compared
to the previously presented design. The robot arm is shorter and thus easier to design
within stability requirements. The robot is out of the way even while in operation. The
robot is automatically deployed and stowed which reduces robot human interaction. The
robot is stable because the links are short thus less torque is applied to the arm of the
robot. The design requires minimum degrees of freedom.

Disadvantages

Two robots are required thus requiring separate end effectors for each which increases the
cost considerably. The robot operation may interfere with some plant growth depending
on the size of the plants. The working envelope of this design is limited to the area
above the plant trays and just below the lamps. A U shaped track system must be
installed in the chamber causing extensive facility modifications. Separate control systems
will be necessary in order to operate both robots.

Chapter 7.0 DETAILED COMPONENT DESCRIPTIONS

7.1

PROJECT DELINEATION
Three different groups worked independently on original conceptual designs. These

designs were then presented to Mr. Gabor Tamasi of KSC, along with several other
interested persons. Two days after the formal presentation, members of all three groups
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7.2

7.3

7.3.1

met and discussed the pros and cons of all of the designs presented. Mr. Tamasi offered
opinions as to the designs presented and gave suggestions regarding the areas he felt
needed improvement.

Several group members presented additional ideas for consideration. The three groups
then selected a basic configuration for the final design. The overall system was then split
into three subsystems consisting of the overhead rail, telescopic arm and the vertical and
rotational shaft actuator. The three groups then selected one subsystem each to complete.

The groups began working on their individual designs by finding methods to accomplish
the required task while remaining within the given design parameters. Upon completion
of an initial subsystem design each group presented their designs to Mr. Tamasi in another
formal presentation. Mr. Tamasi then gave his observations and recommendations to each

group.

The groups then began to refine their final designs. The following report details the
Vertical and Rotational Shaft Actuator Subsystem design recommended by NASA/USRA
group #1.

BASIC DESCRIPTION

This design incorporates the use of a combination ball screw / ball spline actuator to
control the vertical motion of the CELSS chamber robot arm (Figure 7.2.1). A central
mounting structure is mounted to the ball nut and ball spline race. A turntable bearing
is used as an interface between the mounting structure and the ball screw nut. This central
mounting structure contains a system of motors and pulleys which are used as control
systems. One motor is used to rotate the ball nut, while the second motor is used to
control the turntable bearing used for rotation of the robot arm. The rotation of the ball
nut provides the necessary vertical motion to position the mounting structure along the
shaft. The ball spline race adds to the stability of the system and is used to prevent
angular rotation of the mounting structure while still allowing for vertical motion.
Rotational motion of the robot arm is achieved through the use of a turntable bearing
which is actuated by the second motor located within the mounting structure. The robot
arm is bolted to the top of the turntable bearing. The upper end of the ball screw / ball
spline shaft is attached to a plate which is attached to the overhead rail mounting of the
CELSS chamber (Figure 7.2.2).

DETAILED COMPONENT DESCRIPTIONS
Combination Ball Screw / Ball Spline Shaft
The shaft provides a support with two-dimensional motion capability. Linear and angular

motion about its axis is made possible by the use of a combination ball screw / ball spline
assembly. This combination is made possible by machining helical groves and concave
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races along the longitudinal axis of the shaft. The solid shaft is strong and highly
versatile weighing 23.2 kg. The running tracks of the shaft are precisely finished for
smooth movement, high positioning accuracy, and long life.

Central Mounting Structure

A circular aluminum casing, the same diameter as the turntable bearing, encloses the ball
screw / ball spline subsystem and provides structural support to mount the robot arm
(Figure 7.3.2.1). The casing is rigidly attached to the turntable around the vertical shaft.
The central robot casing houses the ball screw nut and spline race assemblies (Figure
7.3.2.2). The electrical motors for the turntable bearing and the ball screw nut are housed
from the environmental extremes of the cells chamber. There is a circular access hole in
the bottom plate for power and computer cabling (Figure 7.3.2.3).

Ball Screw Nut

The ball screw nut is equipped with an internal groove fitted with a circuit of bearing
balls that recirculate in the helical grooves between the shaft and nut (Figure 7.3.3.1).
The balls and their running tracks are precisely finished for smooth movement, high
positioning accuracy, and long life. This anti-friction device converts torque to thrust as
the nut is rotated about the fixed axis of the shaft. Rotation of the ball nut is controlled
by a motor and puliey assembly which causes the ball nut to translate in the vertical linear
direction along the fixed shaft.
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7.3.4

7.3.5

7.3.6

1.3.7

Ball Spline Nut

The ball spline nut consists of a closed circuit of bearing balls that mate with the concave
races machined along the length of the shaft (Figure 7.3.4.1). As the path of the balls is
diverted at the extremes of the spline race into a return circuit, unlimited rolling travel is
achieved. There is a smaller force required to achieve axial displacement of spline
members while transmitting torque which requires a less powerful motor. The ball spline
nut is a coupling device which permits translation while also providing resistance to
angular rotation resulting from torsional loads.

Turntable Bearing

A turntable bearing (Figure 7.3.5.1) is bolted to the robot body casing with a vertical axis
of rotation. The turntable bearing was chosen because it offers high performance with
reduced weight. In this design, the bearings are inside the gear to facilitate an internal
rotational drive actuator. The race geometry of these bearings is designed to handle a
combination of thrust and moment loads. This makes the turntable bearing ideal for
supporting the weight and moment of the robot arm, end effector and load. The outside
cylinder ring is bolted to the central mounting structure and the robot arm is bolted to the
inside cylinder ring of the turntable. An electrical motor with a gear turns the inner
cylinder which positions the robot arm. The turntable bearing is Endura Kote plated for
even greater corrosion and wear resistance. The seals are of Buna-n rubber which retain
lubrication and exclude contaminants from the CELSS chamber environment.

Lower Support Boot

In the deployed position, the square knob on the bottom of the shaft is positioned in a
recessed fitting in the chamber floor. The lower support boot locks the shaft into position
for operation. The lower support boot consists of a hinged clasp secured by a pin (Figure
7.3.6.1). The clasp needs to be open when deploying the robot assembly to the center of
the chamber. After the shaft is fit in both the overhead rail operational position and in
the recessed fitting in the chamber floor, the clasp is closed around the shaft and pinned.

Cable Reel

The cable reel retractor allows the cabling to be drawn from a spring loaded reel mounted
to the side of the central mounting structure (Figure 7.3.7.1). When the central mounting
structure is lowered, the excess cable is retracted onto the spring loaded reel. Upon
deployment of the robot system, the cable is attached to the floor of the chamber directly
below the retractor.
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Figure 7.3.5.1 Turntable Bearing

Figure 7.3.6.1 Lower Support Boot
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Figure 7.3.7.1 Cable Reel

Chapter 8.0 ANALYSIS OF DESIGN

8.1

8.1.1

EXPLANATION OF CRITICAL ANALYSIS

A critical analysis modeling the robot arm as a cantilever beam indicates it can handle the
stress and moment of the anticipated loads on the combination ball screw / ball spline
assembly. Using the beam decoder finite element module, the deflection and stress for
a 30 node finite element model were generated. The ends of the poles were constrained
from x,y,z translation and rotation. Two point loads of 298 kg were applied on the shaft
to simulate the moment created by the robot arm. The maximum deflection was created
at a node location of 0.75 m length, when the arm was extended 1o its full length of 1.83
m. The maximum deflection was 3.9 mm at the end effector.

Combination Ball Screw / Ball Spine Shaft

THK Corporation manufactures the Sehma Series "Robotte" combination ball screw / ball
spline shaft. The combination ball screw / ball spline shaft was chosen because it can
linearly translate relative to the ball nut and can also rotate about its longitudinal axis.
The solid shaft is 0.050 m diameter and 3.1 m in length. The shaft is made of heat
treated carbonized steel which resists the humid environment of the CELSS chamber.

The loads applied in the stress analysis of the shaft were computed with a safety factor

of 2.5. The Algor beam element editor module was used as the input processor for the
boundary conditions and forces applied. All stress units were given in Pascals. All
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8.1.3

8.14

deflection are given in meters. The maximum angular deflection computes at 0.1 degrees
which leads to a end effector deflection of 3.9 mm with a safety factor of 2.5. In the
analysis of the shaft, 25 nodes were used.

Central Mounting Structure

The central mounting structure consists of three separate parts machined out of aluminum,
two flat circular plates and a cylindrical component. In the upper flat plate, holes are
drilled to mount the spline race, the turntable bearing and the motor that drives the
turntable bearing. In the lower flat plate, holes are drilled to mount the structure to the
ball screw nut. The motor which drives the ball screw nut is mounted to the cylinder
wall. The motors selected should have a 1800 servo RPM (Appendix C). The cylinder's
outside diameter is 0.4 meters and its height is 0.224 meters. The two flat plates are
bolted to the cylinder with evenly spaced bolts. (Figure 7.3.2.2)

The CMS was analyzed using Algor, a finite element analysis software. The structure
was modeled as two octagonal plates joined by a perpendicular wall to approximate a
three dimensional cylindrical housing. The material property used to model the structure
was aluminum with a 1.27 cm thickness. The data results conclude the deflection of the
structure is negligible (0.01 mm) with the forces applied.

Ball Screw Nut

The ball screw nut assembly is available through THK Corporation and Thomson
Saginaw. The ball nut is coated with a black oxide or zinc plate coating, and could be

lubricated with a lithium based lubricant which is inert to the environment (Figure
7.3.3.1).

Ball Spline Nut

The ball spline nut assembly is available through THK Corporation and Thomson
Saginaw. Their ball nut systems provide high speed, antifriction linear motion under
heavy torsional loads. The spline nut assembly has a low coefficient of friction (0.007
maximum) and is manufactured with a hard material (R/C 56) to ensure efficient operation
and durability in environments with a temperature range of -53 to 149° C (Figure 7.3.4.1).

Turntable Bearing
The turntable bearing is available through Kaydon Incorporated; however, it will have to
be custom made due to its nonstandard size. Data supplied by the manufacturer indicates

the load capacity of the bearing will exceed required specifications. Typical applications
include cranes and heavy equipment operations.
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8.1.6 Lower Support Boot

The purpose of the lower support boot is to increase the stability of the shaft in the
deployed position. The Algor analysis of the shaft was based among other things on the
assumption that both ends were fixed. The support boot holds the shaft firmly in the

recessed fitting in the CELSS chamber floor.

8.1.7 Cable Reel

The cable reel contains both the power cabling as well as the computer control cabling.
The cable reel selected is designed for cable rated 9-35 amps for either 110 or 220
services. The cable reel is of the spring rewind type. Cable reels can be bought off the
shelf in various sizes. The size selected may depend on the bin radius of the computer
cabling to control the robots operation.

Chapter 9.0 OBSERVATIONS & RECOMMENDATIONS

The function of this subsystem is to position the robot arm vertically along the shaft and
rotate the arm about the shaft for angular positioning. Other issues considered were the
interface compatibility between this subsystem and the overhead rail structure, the robot
arm and the connection of the shaft to the floor. The functionality of this subsystem was
achieved through a design consisting of a single ball screw / ball spline shaft, a central
mounting structure equipped with a turntable bearing and a system of motors and pulleys,
and a ball screw hand jack.

This subsystem design for the NASA/USRA Advanced Design Program was evaluated
for maintenance, safety, component complexity and operational performance requirements
within the CELSS chamber. The design generally requires tradeoffs between complexity
of mechanisms, safety, maintenance and general requirements.  Cost, weight, and
modification to the CELSS chamber were other major issues considered.

The major component cost is for the ball screw / ball spline shaft. The reason for this
large expense is due to non standard length of the shaft. The 3.1 m shaft has to be
custom made by the manufacturer. The shaft's 50 mm diameter is standard allowing the
use of a standard ball screw nut and ball spline nut. The total estimated cost of the
subsystem is $ 7,400 (Appendix D).

There is a commercially available turntable bearing made with an exterior gear
configuration. The design of the CMS can be altered to use this type of turntable bearing
instead of the internal gear configuration. This is a viable option to consider because it
reduces the cost.
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The shaft itself weighs 25% of the overall estimated weight of the subsystem. Light
weight aluminum was used in the construction of the CMS to reduce its weight. The total
weight estimate for the subsystem is 97 kg (Appendix E).

Depending on the floor thickness in the CELSS chamber, the knob on the lower support
boot may need to be 1.25 cm instead of 0.635 c¢m as recommended in this report.

The current configuration of the CELSS robot does not comply with the specification for
the end effector to reach 0.254 m above the chamber floor. The CMS was designed as
small as possible to house the motor and pulley assemblies. In addition, the lower support
boot was redesigned to reduce its height dimension; however, the CELSS robot system
still does not meet the specification. Designing the telescopic arm to mount centrally
between the CMS top and bottom plates versus its current top mounted position will meet
the design specification mentioned above.

The servo motors may need gear reduction to provide required torques (Table 1). If
motors are not available that will fit into the CMS, the current CMS dimension can be
modified with minimal effort.

TABLE 1
Servo Motor Ratings

Torque (F.S. = 2) RPM
Rotational 0.36 Nm 47
Vertical 2.6 Nm 900
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Chapter 11.0 INTRODUCTION

This chapter reports the CELSS robotics project is at the 90% completion stage of the design
phase. The robotic arm development is discussed in detail by group 3 in the following report.
The other two components of the over all robot design: (1) the rail or track system which guides
and supports the entire system and (2) the center column which interfaces with the arm; are
covered in detail by Group One and Group Two, respectively.

The report shows the robotic arm designed for the CELSS Project meets or exceeds ail
parameters set by NASA, the Military Specifications which are included in the report, and is
adaptable to the physical restrictions of the CELSS capsule (Appendix F, Specification).

The overall design is shown in Figure 11.1.

Chapter 12.0 DESIGN PHASE
12.1 FLOOR MOUNTED, FIXED & TELESCOPIC ARM ROBOT

The double arm floor mounted designs (Figure 12.1.1 and Figure 12.1.2) possess pin
joint connections at the base of the arm, connecting the two arms, and at the point
where the arm meets the end effector. Arm configurations vary with combinations of
fixed and telescoping arms. Both types are connected to a fixed floor mount.

12.1.1  Advantages

This robot is a simple design and incorporates a minimum of moving parts'®. This
robot may be commercially available. The fixed arms may be available as off the shelf
parts thereby minimizing fabrication costs. This robot could be designed to carry a
larger payload than required by the design requirements if desired. The cost of
developing this robot is low due to the small number of required parts.

12.1.2 Disadvantages
This robot may not be able to access all parts of the CELSS chamber. This design may

interfere with existing electrical conduit located along the chamber wall. There may be
some problems with interference with the existing experimental shelves.

12.1.3  Feasibility

The feasibility of this robot is good provided it can be designed to reach all areas of the
CELSS chamber.
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12.2

12.2.1

12.2.2

12.2.3

12.3

12.3.1

12.3.2

FIXED POLE MOUNT, FIXED AND TELESCOPIC ARMS ROBOT

An off-center mounted pole, fixed at the top and bottom of the chamber holds a call
screw and robot arm configuration. The arm itself may be composed of several links
of fixed arms (Figure 12.2.1) or one telescopic arm (Figure 12.2.2).

Advantages

This robot requires a small number of moving parts. The arm system may stow floor
level or at the ceiling. This robot is low cost due to the small number and the possible
commercial availability of parts required.

Disadvantages

This design may conflict with existing plant shelving. Anchoring to the chamber at the
top may be difficult due to the slope of the ceiling. Reachability may be restricted to
the shelving nearest the column. The long arm length results in increased moment loads
on the arm and possible reduced load capacity.

Feasibility

This design has fair feasibility because of the reachability restrictions and increased
moments on the robot arm.

SCISSOR CEILING DESIGN

A center, roof-mounted rack-and-pinion (Figure 12.3.1) or scissor (Figure 12.3.2)
configuration raises and lowers the arm attachment at the center of the chamber. The
robot arm may be telescoping, fixed or scissors arrangement and moves in a 360°
rotation.

Advantages

This design is simple and contains no complicated mechanisms. The collapsible scissor
type extension has the capability of heavy lift, and benefit of small storage volume
when in the stowed position. The cost of this design is reasonable.

Disadvantages

The scissors extension creates a problem with the control and power cables'®™. The

cables could be easily pinched if not firmly secured. It is also difficult for the scissor
extension to counter any moments developed while the extended arm lifts a load.
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12.3.3

12.4

12.4.1

12.4.2

12.4.3

12.5

Feasibility

The feasibility of this design is very good. Many of the parts can be procured through
robotics manufacturers.

RACK AND PINION CEILING DESIGN

A center roof-mounted telescopic column (Figure 12.4.1) raises and lowers the arm
attachment at the center of the chamber. The robot arm has a fixed link with
counterweight, to pivot up and down about the bottom center of the column. The fixed
link also provides for 360° rotation. An end link works as a single reduction telescope
for fine adjustment of the end-effector location.

Advantages

The telescoping main pedestal and the arm is extended by a rack and pinion mechanism
which is cleaner than a hydraulic piston when in use. The main pedestal is a very
stable structure and provides stability to the entire robot arm by countering any moments
developed during lifting of loads. The robot is designed to stow overhead against the
ceiling, allowing access to the entire chamber floor by technicians.

Disadvantages

One of the disadvantages is the difficulty of accessing the robot on the ceiling for
maintenance and repair. There may be some difficulty in routing control and power
cables to prevent interference when in use'®. The installation may require additional
modifications to the ceiling to ensure the ceiling is strong enough to support the
expected working loads of the final design.

Feasibility

The design is highly feasible and is based on other working models used in industry
today. It has the flexibility of using either an AC or DC power source.

CENTER SCREW COLUMN DESIGN

The robot arm attachment moves up and down the center column using a screw drive'®
(Figure 12.5.1-3). The design shown in Figure 12.5.1 is unique in that the center screw
column retracts through the roof of the chamber into a sealed conduit above the
chamber. For stowing, the robot latches to the ceiling and pulls the unlocked center
screw column out of the chamber. The robot is aided in lifting the heavy column by
counter balancing springs located in the outside conduit.
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12.5.1

12.5.2

12.5.3

12.6

12.6.1

12.6.2

Advantages

This design is possibly the most stowable as far as the inside chamber is concerned.
The bulk of the system is stored outside the CELSS chamber. In the deployed position,
this design has a full range of motion of the entire chamber. The screw drive is very
reliable and strong. Minimal down time is expected because all working parts are
contained in the actual robot body and arm. This design has the potential to expand to
the lower half of the chamber if needed.

Disadvantages

The biggest disadvantage of this design is the sealed conduit that extends about seven
feet over the chamber. A disadvantage is the hole has to be cut on the top of the
chamber to push the screw bar through. This compromises the integrity of the chamber.

Feasibility
With adequate clearance above the chamber this design has very good feasibility.
TELESCOPIC, PULLEY CEILING DESIGN

A center, roof-mounted pulley with a motor, drives a single loop chain, which raises and
lowers the robot arm attachment similar to a block and tackle configuration (Figure
12.6.1). The robot arm attachment moves up and down along a path established by two
lightweight stabilizer columns, which control stability in the z-axis. The robot
armcontains a counterweight to provide stability in the x-axis, and several fixed arm
links to provide reach to the chamber perimeters.

Advantages

This design has excellent stowability since modification of the chamber is not necessary
to provide clear home position. The strength of this design comes from its cost
effectiveness. The reachability is as good as any other top design model because it
extends from top to bottom and the arms 360° degree rotation permits full access of the
chamber. This design reachs any point in the CELSS chamber.

Disadvantages
A disadvantage is that the whole system is gravity dependent. This design is able to

achieve resonant frequency during its oscillating motion when the telescopic arm is fully
extended. It also uses the pulley system which may result in a short life span.
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Figure 12.6.1 Telescopic, Pulley Ceiling Design
Feasibility

The feasibility is low even though the design demonstrates an excellent combination of
reachability and cost effectiveness. Due to its instability practical tasks are difficult to
perform.

FLOOR MOUNTED TRACK DESIGN

A freestanding robot lifts in a telescoping fashion, from its base (Figure 12.7.1). The
base moves about the chamber on a circular track, which has a stowing leg that routes
the robot to a location under the bottom plant shelf. The robot arm is a fixed arm
configuration with a ball socket joint for end-effector attachment.

Advantages

This robot will have a range that will cover the entire CELSS cylinder, and perform the
tasks specified by KSC. The robot will be guided by a circular track system (the radius
will equal approximately the radius of the chamber minus the length of the shelves)
located with its center coincident with the center of the chamber. The advantages of
this robot is its ability to reach everywhere in the chamber in case the chamber is
modified. Also, the robot is completely inside the chamber thereby avoiding any
leaking associated with ceiling or wall mounted robots. There will be a section of track
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Figure 12.7.1 Floor Mounted Track Design

extending from the circular track to a location under the first shelf to maximize
stowability. Furthermore,since the robot will be at a location very near the object it will
be lifting, the arm will be considerably shorter than a robot located at the center of the
cylinder. This will decrease the moment arm enabling more weight to be picked up or
a less costly material to be used. Lastly, the robot should not be expensive compared
to other types of robots. This robot can be easily removed for repair or replacement.

Disadvantages

This particular robot's track system will not be easily removed. Electric power and
control cables trail the robot since hydraulics can not be used to raise the top half of the
robot.

Feasibility

This design has excellent feasibility by virtue of its compact design and stowability.
Modifications to the chamber are minimal. Maintenance is simple because the robot

may be removed from the space to be serviced. Cost may be high if this type of robot
is not commercially available.
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12.8

12.8.1

12.8.2

12.8.3

12.9

12.9.1

CENTER COLUMN WITH SIDE WALL STORAGE

A center-mounted column rolls out on a top and bottom track, from its side wall stowed
position to a locked center chamber position (Figure 12.8.1-4). The robot arm moves
up and down the column on a ball screw and has three plarar links. These planar links
fold in on top of each other to make the assembly more compact in the stowed position.

Advantages

The tracks provide a path for the center column to move from the center locked position
along the wall. The ball screw mechanism which moves the robot arm up and down
the center column is a standard, off-the-shelf configuration which has lower cost. The
large contact surface between column surface and cowling, which supports the robot,
provide very high strength. This design has few parts and a relatively simple
mechanism.

Disadvantages

Modifications to the chamber will be required for existing electrical and other
components along the wall where the column stows away. Measurements at the center
of the chamber will be impossible to obtain.

Feasibility

The feasibility of this design is very good for gravity and non-gravity situations. There
is a good range of reachability, height adjustment, and reasonable rigidity'®. Chamber
modifications should be minimal to maintain required clearances for electrical
components.

CEILING MOUNTED, FIXED OR TELESCOPING ARMS

This design is a center, roof-mounted arrangement with two fixed arms (Figure 12.9.1).
Pivot points are located near the point of attachment to the roof and at a point
approximately half way down the length of the arm. Figures 12.9.2 through 12.9.4
provide variations in fixed and telescopic arm configurations..

Advantages
The ceiling mounted design provides very good stowability and flexibility in position

as well as 360° rotation. All control and power wiring are contained outside the
chamber. The design is simple in construction and has a low installation cost.
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12.9.2

12.9.3

12.10

12.10.1

12.10.2

12.10.3

Disadvantages

This design presents maintenance access problems. It may be hard to reach and service.
The existing hatch opening at the top of the chamber would need to be relocated.
Control would be difficult due to various degrees of freedom acting simultaneously.

Feasibility

Feasibility for this design is good. Arm link lengths will require careful coordination
to ensure that the top rack is reached by the end effector. Careful calibration will be
required to ensure that the top rack is left undisturbed when the bottom rack is the
target.

CENTERED WALL MOUNTED TRACKS

The basic feature of this design is a track mounted along the perimeter walls of the
chamber halfway up the height of the chamber (Figure 12.10.1). The robot arm attaches
to the track, working inward from the perimeter. The robot arm may be fixed,
telescoping (Figure 12.10.2) or a combination (Figure 12.10.3). The track may be a
single, center mounted track (Figures 12.10.1 through 12.10.3) or a dual track at center
and top positions in the chamber (Figures 12.10.4).

Advantages

The wall track mounted design has good reachability and 360° coverage. It is a more
compact design and the shorter arm length may increase load capacity with reduced
moments. The robot arm may handle variable and complex movements. Maintenance
is good from an access standpoint. Stowability is good.

Disadvantages

This design requires coordination with door openings and shelf mounting heights.
Plants may be disrupted or damaged as the arm moves around the circumference.
Installation is difficult and expensive. The robot arm, working from the perimeter may
reduce stability. Reliability is poor due to complexity.

Feasibility

This design has only a fair rating in feasibility because of the large amount of

modification to the existing chamber that may be required. Itis costly to implement and
difficult to expand to the lower chamber.
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Figure 12.10.2 Center Wall Mounted Track, Telescoping Arms

85



DUAL. TRACK

TRACK MOUNTED

PLANT SHELVES

LOWER CHAMBER (NOT IN SCOPE)

ELEVATION

NOT TQ SCALE

Figure 12.10.3 Center Wall Mounted Dual Track, Hybrid Arm
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Figure 12.10.4 Center Wall Mounted Dual Track, Telescoping Arms
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12.11

12.11.1

12.11.2

12.11.3

12.12

12.12.1

12.12.2

LOW WALL MOUNTED TRACK

Similar to the center wall-mounted track, this design uses the chamber perimeter and a
shortened robot arm (Figures 12.11.1 through 12.11.3).

Advantages

This design is compact. The shorter arm length may increase load capacity with
reduced moments. Robot arm may handle variable and complex movements.
Maintenance is good from an access standpoint. Stowability is good.

Disadvantages

This design requires coordination with door openings and shelf mounting heights.
Plants may be disrupted or damaged as the arm moves around the circumference. This
design lacks 360°rotation due to doorways. It is costly to implement and difficult to
expand to the lower chamber. Reliability is poor due to complexity.

Feasibility

This design has only a fair rating in feasibility because of the large amount of
modification to the chamber that may be required and the lack of 360° rotation.

CEILING MOUNTED TRACK

Similar to center or low wall mounted tracks, this design uses the perimeter and roof
of the chamber for support and a shortened robot arm (Figure 12.12.1).

Advantages

The ceiling mounted track design provides good reachability and strength. The track
system should fit easily into the upper edges of the chamber without conflicting with
grown plants. 360° rotation and short arm length provide good load capacity and low
moments on the arm. Stowability is good.

Disadvantages

Modifications of the chamber may be extensive and costly. Stability is only fair.

Installation is difficult. Maintenance is poor as robot and track are difficult to access.
Reliability is poor because of the complexity.
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Figure 12.11.2 Low Wall Mounted Track, Hybrid Arm
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12.12.3

12.13

12.13.1

12.13.2

12.13.3

Feasibility

This design has good feasibility due to its ruggedness. The robot arm working from the
perimeter may reduce stability. Extent of modifications also reduces the overall
feasibility.

TOP CENTER MOUNTED PULLEY WITH MULTIPLE FIXED ARMS

Two center roof mounted pulleys with motors drive single loop chains which raise and
lower the robot arm attachment (Figure 12.13.1). The robot arm rotates 360° and
contains a counterweight which provides stability in the x-axis. The arm has a sliding
actuator to provide extension to the perimeter.

Advantages

This design remains self-contained within the chamber. It provides good reachability,
360° rotation, short arm length and good stowability.

Disadvantages

The chain may foul with dust or other particulants. The design is inherently unstable
due to lack of support in all axes. The design is gravity dependent and application is
restricted. Maintenance is poor because the motion mechanism is located at the top of
the chamber. Reliability is poor due to the complexity and number of moving parts.
Control is difficult and complicated because pulley, motor and chain motion must be
synchronous for balanced movement. Cost is high.

Feasibility
This design is not feasible due to instability and gravity dependence. Because of these

same two factors, applications are too restrictive. Feasibility is also poor from a control
and maintenance standpoint. Costs are high to install and operate. '

Chapter 13.0 FINAL DESIGN

13.1

COORDINATION WITH OTHER GROUPS

Group Three was required to coordinate with Group Two to connect the telescopic arm
to the vertical shaft. The following paragraphs explain how this is accomplished.

The telescopic arm is mounted to the turn-bearing. The turn-bearing is mounted to the
vertical shaft. A rectangular plate is mounted to one side of the turn-bearing (Figure

13.1.1). The telescopic arm is bolted to the plate which will be bolted to the turn table.
The bolts are installed from the internal section of link one.
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13.2

13.2.1

13.2.2

The plate is mounted only to one side of the turn table. The bolts are pre-lubed and
torqued to standard value during integration.

CRITICAL PARTS ANALYSIS
Work Envelope

The work envelope is a region in space which the robot mechanism can possibly occupy
while performing different tasks. For clarity, the overall work envelope will be divided
into two parts. The first is the volume swept out when the arm is in the retracted mode
and the other is when the arm is in the full extension mode.

When the arm is retracted it must be capable of staying inside a vertical cylinder of
48.26 cm of radius. This distance is measured from the center of the CELSS chamber,
and extends upward over the vertical length of travel provided by the ball screw
mechanism (Figure 13.2.1.1). This will allow the arm to clear the shelves and plumbing
while traversing up or down.

For the full extension mode of the arm the retracted work envelope must be extended
an additional 136.74 cm (Figure 13.2.1.2). This will enable the arm to reach out to the
wall of the CELSS unit. It should be noted that this work envelope includes the shelves
and lights and that the controllers need to provide safety considerations to prevent
property damage.

Telescopic Sections and Overlap

The arm is constructed of six, square, hollow, concentric tubes of aluminum with a wall
thickness of 2 mm (Figure 13.2.2.1). Five of these tube sections are the same length,
50.8 cm, and slide into main casing of 71.12 cm in length by 16.48 cm width and
height. The main casing provides a 20.32 cm length region for the Linear Actuator
System while also accommodating the rest of the retracted arm. Each of the five
successive extension section, all with a length of 50.8 cm, will reduce down in size to
the final extension section with a width and height of 7.63 cm. The section which
extends to the maximum position will remain extended 10.16 cm when in the fully
retracted position to allow for the future attachment of an end effector.

Due to the restrictions created by the retracted work envelope an extension length of
30.48 cm was decided to be employed for each of the five extension sections. To
provide counter measures for the moments produced by the payload and the weight of
the arm, an overall section length of 50.8 cm was chosen. This results in an overlap
of 20.32 cm. These values were determined by doing a static analysis of the forces and
moments (Appendix G). Using these values, a model of a cantilever beam was created
in ALGOR to determine the maximum deflection due to the maximum intended payload,
(See Section 13.8). The analysis revealed that a deflection of 1.08 mm is to be
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expected for the aluminum material alone. This value must be included in the
summation of all the contributions from all three main components to a maximum
allowable deflection of 6.35 mm at the end of the arm.

Rollers

To provide a smooth sliding action with minimum frictional resistance in a high
humidity environment it was decided that a steel sealed needle bearing roller be used
(Figure 13.2.3.1). When compared to self lubricating composite bearings, the friction
coefficient of 0.0003 for the steel roller is far superior to the range of .05-.16 coefficient
of friction for the composite bearing. The rollers are 6.35 mm in diameter and have a
length of 10 mm (See Sections 13.7 and 13.8).

To reduce the point load on each roller and increase torsional stability, a minimum of
four rollers should be used between any two adjacent planes in contact along the arm.
To prevent an over extension Or €xcess travel of any section, roller stops will be
installed at the required positions. The stops used to prevent over extension in the
payload direction are removable to allow for disassembly, inspection and maintenance
of the interior components of the arm assembly.

Trip Mechanism

When the arm is extended it is desired that there be a successive order to the segments
to be extended. To achieve this a pivoting arm held in contact with the arm segment
provides a friction fit to prevent unwanted motion. Links two through five have their
own trip mechanism. For example, when link one is extended by the actuator, it
extends until its roller bearing hits the roller stopper attached to link two. Then link two
extends and so on. Right before the roller stopper in link two, is the trip mechanism.
Link two through five have a small square cut into each link, located immediately
before its roller bearing, and the trip mechanism is attached to a pivot bar located in the
square. The rubber tip presses against the next upper link.

For example, when the roller bearing from link one hits the trip mechanism that is part
of link two, which is friction held to link three, the trip mechanism is forced to move
off of the upper link and then link two is free to move. Since the trip mechanism is
part of link two, it just rides with link two.

All this allows the telescopic arm to extend in order, but to achieve this during

retraction, the same type of mechanism is placed in front of the inner wheels. (See
Section 13.6).
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Figure 13.2.3.1 Roller Bearings

Load

The design requirements state that the arm have the capability to lift a 15 kg payload
throughout the entire work envelope. This value has been used in determining the
material and reaction force requirements to be achieved by the robotic arm. At first it
was thought that an off the shelf item could be obtained from a robotics manufacturer.
After contacting manufacturers in the United States and Canada, it was found this load
requirement at full extension excludes the possibility of obtaining an existing model.

MATERIAL CONSIDERATION AND SELECTION

Aluminum alloy has been chosen to be the material for the telescopic arm due to its
desired mechanical and physical properties. The alloys are narrowed down to three
following choices of composition: 6061-0, 6061-T4 (T451), 6061-T6 (T651). Out of
these three, 6061-T6 (T651) shall be selected to build the telescopic arm for the
following reasons.

Alloy 6061-T6 (T651) is a general purpose material for building light but strong
structures. This alloy is often used in building airplane parts. It is the easiest of the
three to machine and the price difference is not considered significant. The alloy has
one of the highest ultimate tensile strength and tensile yield strength of 45 ksi and 40
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ksi respectively among the other aluminum alloys. This alloy also possesses one the
highest hardness values. The ultimate shearing strength for this alloy is 30 ksi, which
is higher than most aluminum alloys.

VENDOR SELECTION

The vendor selection was completed by using the Thomas Register to obtain vendor
information for the current robotics industry. Representatives from robotics
manufacturers were given information regarding the telescopic robot arm design. The
design will not be an off the shelf item due to its unique parameters and dimensional
requirements for the clearance in the CELSS chamber. Out of the many vendors
selected and contacted by Group Three, very few were able or willing to custom
manufacture the arm. These few were willing to discuss possible future manufacturing
needs, provided they were given more detailed information about the design. The
following are the companies contacted for the possible future manufacturing needs.

John Gibson, Vadeko International Inc. 2600 ArgentiaRd., Mississauga, Ontario,
Canada L5N 5V4.
Vadeko Voice Line: (416) 821-3222 Fax Line: (416) 821-2232

CRC Plus, 830 Harrington Court, Burlington, Ontario, Canada L7N3N4
Phone: (905) 639-0086 Fax Line: (905) 639-4248

The University of Central Florida campus machine shop was also contacted as a
possible builder of the telescopic robot arm design. Although the past experience with
the machine shop has been satisfactory, this task may exceed the shop's capability.

LINEAR ACTUATOR SYSTEM
Basic Design

The linear actuator system is responsible for the linear motion of the telescopic arm.
The design is composed of a series of concentric ball screws which force the extension
of the telescopic arm when rotated. The ball screws, gear box and motor are internally
stored in a casing. There are four ball screws used in the design. Each have a length
of 66.04 cm. A gearing box is used to translate the power of the motor into a rotational
force which is applied to the smallest ball screw. The smallest ball screw (screw 1) is
a solid shaft with the threading located on the outside of the shaft. A larger, hollow,
ball screw (screw 2) with threads on the inside and outside of the shaft is threaded onto
the smaller screw 1. Screw 3 is a larger version of screw 2 with threads on the inside
and outside. Screw 3 is threaded onto screw 2. The largest ball screw (screw 4) is
hollow, however, it only has threads on the inside. Screw 4 is threaded onto screw 3.
The threading on each of the ball screws, both inside and outside, stops 7.62 cm. away
from each end. When the linear actuator system Is fully extended, there is a 15.24 cm
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overlap at each end of the screws, because the threads stop. This full extension for a
reach of 228.6 cm when the ball screws and the gear box are included. The required
reach for the telescopic arm is 223.52 cm, so the linear actuator system provides the
necessary length for the full extension of the telescopic arm.

Gear Box and Motor

The gear box is used to convey power from the motor into torque required for extension
of the linear actuator system. The gear box has a space of 10.16 cm in the direction the
telescopic arm extends and a cross-section of 40.64 cm by 40.64 cm. A similar design
which uses only two screws is commercially available. The commercially available
system is capable of pushing 454.54 kg. The gear box for the commercially available
system is small enough to fit into the space provided for the gear box for this design.
The motor for the commercially available linear actuator is also small enough to fit into
the largest section of this telescopic arm. If the motor takes up too much space within
the design telescopic arm, it may be alternately mounted on the outside of the arm. The
requirements for the motor are to be determined.

Actuation System

The linear actuation system extends itself to a length of 228.6 cm through the use of
four concentric ball screws. Screw 1 is fixed in position with the gear box and is
rotated along its longitudinal axis. This rotation causes screw 2 and screw 3 to also
rotate. Screw 2 and screw 3 do not actually extend themselves because there is no force
to keep them in place. This is similar to turning a bolt with a nut on the end. When
the bolt is turned, the nut also turns with it until a force is used to keep the nut in place.
Once this force is used, the nut begins to move down the bolt. Screw 4 has a force
applied to it by two screw stoppers which are located on the inside of the actuator
casing near the end. These screw stoppers have a spring in them which causes the
stoppers to apply pressure to the exterior screw and stop its motion. This allows the
mechanism to lengthen, since screw 4 is becoming extended with respect to the
combination of screw 1, screw 2 and screw 3. Screw 4 lengthens itself with respect to
the actuator until it reaches the end of the threads, which is 15.24 cm from the end.
Screw 4 becomes locked into place at this time. This coincides with the screw stoppers
sliding off of screw 4 and onto screw 3. The end of each screw is tapered so that there
is a smooth transition for the screw stoppers, from the larger screw to the smaller screw.
This will allow the springs in the two stoppers to extend themselves so that the screw
stoppers remain in contact with a ball screw at all times. This tapering also allows the
process of retracting the telescopic arm to function smoothly. The screw stopper springs
are forced to contract when going from a smaller to a larger diameter screw. Screw
3 then follows the same process as screw 4. Once screw 3 has been fully extended, the
process is repeated for screw 2. When all three screws have been extended, the
telescopic arm has reached the wall of the CELSS chamber.
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TRIP MECHANISM

The trip mechanism enables the arm to extend one segment at a time. It consists of a
pivoting arm on a spool with a round rubber end piece (Figure 13.6.1). In its holding
position, it uses a friction fit to hold the middle arm stationary against the outer arm,
while the inner arm slides out. When the inner arm is fully extended, one roller on the
top and one on the bottom trip the pivoting arms out of their holding positions and
allow the middle arm to begin movement. When the telescoping arm retracts, the pivot
arms are placed into their friction fit and holding positions by the motor power
retracting the linear actuator.

TELESCOPIC ARM ROLLERS AND BEARINGS

Rollers are used mainly for guidance of inner telescopic members along and through
outer telescopic members (Figure 13.2.3.1). The rollers on the top and bottom of the
members are also used to counter the forces and moments developed at the reducing
joints.

Friction characteristics must be considered because of the large number of contact points
between the rollers and the aluminum square tubes. Typically, the coefficient of friction
between aluminum and aluminum, in a full surface contact, is 1.05 for static friction and
1.4 for sliding friction.® These values emphasize the need for rollers. A reduction in
friction coefficients is directly related to a reduction in motor power to extend and
retract the linear actuator. Calculations for rolling friction (See Appendix H)** show
that the coefficient of friction may be reduced to 0.0053.

TRIP MECHANISM IN
LOCKING POSITION %

QUTER SEGMENTS {STAIONARY)

) O

MIDDLE SEGMENT (NEWLY
FREED AND MOVING)

TRIP MECHANISM IN
FREED POSITION

INNER SEGMENT (MOViNG)
ROLLER AT FULL le—e] 5.00 mm EACH

EXTENSION OF INNER 10.00 mm

TELESCOPING ARM,

*UNLOCKS® NEXT

TELESCOPING ARM

Figure 13.6.1 Trip Mechanism

98



13.8

13.8.1

STATIC AND KINEMATIC ANALYSIS
Preliminary Analysis

Initially, Static and Partial Kinematic analysis was performed on the telescopic robot
arm design using the payload weight of 15 kg. Telescoping pieces were modelled as
round, hollow aluminum members for ease of calculations. The largest outer diameter
used was 20 cm. and the smallest outer diameter used was 15 cm. Wall thickness was
taken as 4 mm. Using basic Shear and Moment Diagrams and modelling the robot arm
as a cantilever beam (Appendix I). The maximum shear loads occur at the base of the
robot arm. The maximum moments also occur at the base of the robot arm. Data is
listed in Table 13.8.1.1.

TABLE 13.8.1.1 Maximum Shear Forces and Moments

" Maximum Shear Force (N) 242.25 “

“ Maximum Moment (N-m) 293.20 “

13.8.2

Appendix J contains the rationale to justify using a rectangular beam instead of the
circular cylinder used for the model.

Final Analysis - Downsized Arm

Static and Kinematic Analyses from the 60% design phase were refined to streamline
the dimensions and shape of the robot arm telescoping elements.

First, the arm dimensions were reduced to a point at which deflection values fell at or
below the acceptable values.  Second, the geometric parameters of the arm were
minimized. Aluminum is the material of construction. Dimensions of the arm at the
ball screw interface are 164.8 mm square, with a 2 mm thick wall. Dimensions of the
arm at the end effector are 76.3 mm square, with a 2 mm thick wall. Values are
summarized in Table 13.8.2.1. Elements are numbered from smallest to largest.

TABLE 13.8.2.1 - Deflection and Geometric Parameters

Element 1 2 3 4 5 6
Deflection (mm) 1.08 - - - - -
Area (mm?) 594 736 878 1019 1160 1302
Mom. of Iner. (mm?*) 5.5E4 1.1E5 1.8E6 2.8E6 4.1E6 5.8E6
Sect. Mod. (mm®) 1.1E4 1.7E4 2.4E4 3.2E4 4.2E4 5.3E4
Tors. Resist. (mm®) 5.6ES 8.6ES 1.2E6 1.6E6 2.1E6 2.7TE6
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“ Length (mm) 305 305 305 305 305

458 “

" Weight (kg)

0.561 0.694 0.828 0.961 1.095

Lo |

Maximum deflection occurs at the end effector. Due to the three component nature of
the robot design and maximum allowable deflection of 6.35 mm, deflection per
component is estimated at one third of the total deflection allowed. Deflection

contributions from the arm, incorporating a factor of safety of 2, is 2.168 mm. This is
within 3% of the estimated amount allowed.

Third, the maximum Shear Forces and Moments are reevaluated based on the reduced
arm weight. Values are summarized in Table 13.8.2.2.

TABLE 13.8.2.2 - Maximum Shear Forces and Moments

“ Maximum Shear Force (N) 255 “
|

“ Maximum Moment (N-m) 297

13.9

From the 60% preliminary design phase, the maximum load per roller was calculated
to be 792 N. The design roller bearings have a 6.35 mm outer diameter, 1.59 mm inner
diameter, six rolling elements with 1.79 mm diameter each, a length of 10 mm and are
constructed of normal ball bearing steel material. The allowable load per roller bearing
is calculated as 1095 N. For supporting calculations, see Appendix K'*. Actual roller
bearings may not have these exact characteristics, but shall be equivalent.

Because aluminum is much softer than steel, the arm element / roller bearing interface
require close scrutiny. To prevent wear patterns or tracks in the arm element, steel
strips shall be resistance-tack welded to the arm, along the roller bearing pathway. This
method of welding is acceptable for this application as it will not contribute to
deformation of the aluminum in the weld process®®. The steel strips will preserve the
integrity of the aluminum arm, avoid the addition of substantial amounts of weight that
would occur if the arms were made entirely of steel, avoid costly surface hardening
treatments for the aluminum and improve the sliding and rolling resistance coefficient
with a steel-to-steel interface. The coefficient of friction is 0.000 184,

DYNAMIC ANALYSIS

For the dynamic analysis the telescopic robot arm is modeled as a square hollow beam
with lumped masses. To simplify analysis the telescopic robot arm Cross sectional area
is approximated as a constant. The total weight of the telescopic arm is 6 kilograms,
and the weight at the end effector of the payload is 15 kilograms. The parameters, set
by the CELSS Group Two, for angular velocity and acceleration were 0.08 RPM.
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The vertical velocity is 9 m/min. The acceleration to reach this speed was not
determined but it will be small.

For the angular rotation the maximum velocity and acceleration occurs at the end of the
arm. At the end of the arm the velocity is 92.0 cm/min. and the tangential acceleration
is .256 mmy/s®. This extremely small velocity and acceleration produce a negligible
inertia force of .00460 N. This inertial force produces a deflection in the tangential
direction of only .0176 mm, which is negligible compared with the 1.1 mm deflection
produced by gravity.

For the vertical motion of the arm, the acceleration has not been determined but it is
also very small. In order for the robot arm to move vertically, it must be in the closed
position otherwise it will hit the shelves. Regardless of the acceleration required to
reach 15 cm/min. there is not a significant difference in dynamic deflection from the
static deflection because the robot arm must be in the closed position. In the closed
position the robot arm is basically inelastic and experiences a very small moment.

Because the support for the telescopic arm was designed for extremely low velocities
and accelerations, the dynamic deflections and vibrations can be neglected. If higher
velocities and accelerations are required these calculations must be reevaluated.

Chapter 14.0 OBSERVATIONS AND RECOMMENDATIONS
The purpose of this subsystem is to provide horizontal positioning of the end effector

with respect to the center of the CELSS chamber. The three primary considerations for
this design were:

1. Arm manipulation with a 15 kg. payload end effector.
2. Minimizing the weight of the subsystem.
3. Maximizing the use of commercially available parts.

The design goals for this subsystem were accomplished by using a six segment
telescopic arm with rectangular cross sections and an electro-mechanical linear actuator
system. Efforts to locate a commercially available telescopic arm system were
unsuccessful. All segments of the telescopic arm system will require fabrication from
6061 T-4 aluminum.
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The roller bearings and bearing track assemblies are commercially available. No special
fabrication or modifications to these assemblies should be required. The extension trip
mechanism is complex and of unique design. The complexity of the mechanism and
required maintenance during the life cycle are an unfavorable component of the
telescopic arm design. The design group is continuing to explore more feasible
alternatives for this system.

The linear actuator system chosen for the telescopic arm may require modification to
allow the system to meet the required full extension length of 183 cm. Consultation
with the manufacturer has led to the conclusion that procuring a modified linear actuator
system may be economically undesirable. The design group is currently consulting with
other vendors in an effort to locate an actuator that will allow full extension of the
telescopic arm without requiring modification.

The arm interface plate will require fabrication. The simplicity of this part should not
require any special fabrication techniques. At the time of this report, arm attachment
to the interface plate is still an issue. Original designs required the arm to be welded
to the interface plate. This design facet may be changed to allow attachment with a
removable fastener system. This would enhance the maintenance access to internal
telescopic arm components. During the design phase Group three had two concerns with
the design of the telescopic arm.
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Chapter 16.0 CONSTRUCTION

16.1

16.1.1

16.1.2

16.1.3

16.1.4

MATERIALS

The materials search for the model boom arm consisted of many factors. These
considerations were: strength and rigidity, weight, cost, accessibility, ability and ease
to work with the tools at our disposal, transparency and bonding characteristics. The
materials that met our preliminary criterion were: polycarbonate (Lexan), polyamide
(Nylon 6/6), polymethyl-methacrylate (Plexiglas G) and polyacrynitrile-butadiene-
styrene (ABS).

Strength

The Lexan and Nylon have the greatest strength in this material comparison. They
have a tensile strength in the range of 9000 - 12000 psi. The Plexiglas has the lowest
strength of 3,000 psi.

Rigidity

The modulus of elasticity for the materials chosen range from 340-700 psi with ABS
and Lexan being the most flexible and Nylon the most rigid. This is an important
characteristic of the material to be used. It would not be desirable to choose a material
that would cause a noticeable amount of deflection, however, the material must be
flexible enough to allow ease of construction and elimination of unwanted brittieness.

Weight
Densities of the materials are as follows:

ABS 1.05-1.07 g/em’
Plexiglas 1.07-1.10 g/cm®
Lexan 1.20 g/cm’

Nylon 1.13-1.15 g/em®

Cost

The cost per pound of plastic is approximately:

Plexiglas $1.17
ABS $1.54
Lexan $2.42
Nylon $3.65
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16.1.5

16.1.6

16.1.7

16.1.8

16.1.9

16.1.9.1

16.1.9.2

16.1.9.3

16.1.9.4

16.1.9.5

Accessibility

All of the materials listed are readily accessible. The Nylon is more difficult to find,
but the Lexan and Plexiglas are easy to find locally.

Transparency

All materials listed are either transparent in their natural form or copolymerized to
improve transparency. The polycarbonate is more amorphous in its true form making
it slightly more transparent than the other plastics listed.

Conclusion

These materials all have the important characteristics needed to build the robot arm.
However, after comparing the plastics, Lexan was chosen. This material gives the best
rigidity and transparency. These two characteristics were the critical factors. This
material is easy to work with which also was a factor. Finally, this material 1s
accessible at a relatively low cost.

Material Selection

The trade name for the polycarbonate is Lexan 9034 (clear). This material was
obtained from Commercial Plastics and Supply Corporation in a half sheets of 5 x 4
ft., and our desired thickness of 1/4 in. Design requirements were a minimum of 14.2

ft.2 at a cost of approximately $100.00.

Materials were not available in metric dimensions so all components were bought using
English measurement units.

Building Plan

Special order Lexan 9034 - 112 (clear) 5 x 4 ft. sheet from Commercial Plastics and
Supply Corporation in Orlando, FL (407) 293-5500.

Obtain material, Lexan, from supply house.

Make sure protective paper is kept on both sides.

Obtain technical drawings of link surface areas for model (Figure 16.1.9.4.1).

Draw surface area of each link on protective paper using a fine tipped permanent

marker and straight-edged ruler. Arrange like Figure 16.1.9.4.1 leaving 1/8 inch
clearance between each link for blade cut width.
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16.1.9.6 Obtain hand circular saw and a 70 tooth 8 in. carbide tipped blade, or a less expensive
alternative such as a plywood finishing blade.

16.1.9.7 Obtain a 5 x 4 ft. x 1/2 in. or larger piece of plywood.
16.1.9.8 Lay plywood on flat surface with Lexan on top.
16.1.9.9 Set blade cutting depth to 1/2 in.

16.1.9.10 If necessary tape a straight-edge to the protective covering. This can be used as a
guide for the saw carriage.

16.1.9.11 Make cut between 3a and 2c-2d continuing across full 48 in. width (Figure 16.1.9.4.1).

16.1.9.12 Make cut along right hand sides of 4d through 3a. This should leave a large section
of unused Lexan.

16.1.9.13 Make longitudinal cuts to separate each side for links 3 and 4.

16.1.9.14 Make cut from right hand side of 2d through the top of the Lexan.
16.1.9.15 Cut from right hand side of 2¢ through the top of the Lexan.

16.1.9.16 Make cuts to separate each of the existing sides of links 1 and 2.
16.1.9.17 Cut out end cap for link 1 (Upper right hand corner of Figure 16.1.9.4.1).
16.1.9.18 Check each link for correct dimensions.

16.1.9.19 If any dimensions are larger than indicated use a hand file or belt sander to make
necessary corrections.

16.1.9.20 Sand all edges with 100 grit sand paper to eliminate burs.

16.1.9.21 Finish sand with 320 grit sandpaper until a smooth finish is formed.

16.2 ADHESIVES

16.2.1  Polycarbonate Cement SC-325
Polycarbonate cement SC-325 was selected as the adhesive to assemble the Lexan
robot arm components. SC-325 is manufactured by Caseway Industrial Products. It

is a solvent cement for bonding polycarbonate to itself and to some dissimilar
materials. The solvent sets in seconds; however, it takes two weeks for optimum
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16.2.3

16.2.4

16.2.4.1

16.2.4.2

16.2.4.3

16.2.4.4

16.2.4.5

16.2.4.6

16.2.4.7

curing. The SC-325 has been tested at 5000 psi after two weeks of curing time.
Polyzap and CA glue are alternate adhesives. CA glue was not selected because of its
tendency to "fog" the Lexan. A transparent model is necessary o view the internal
components at work.

Cost

The cost for an 8 ounce container of SC-325 is $6.75. Polyzap is only sold in .5 ounce
tubes at a cost of approximately $12.00 per ounce.

Availability

Polycarbonate Cement SC-325 is available at Commercial Plastics in Orlando. Polyzap
is available and may be purchased at most hobby stores. It is sold locally at Central
Florida Hobbies on the corner of Colonial and Kirkman.

Assembly of the Arm Components

Cut two (2) pieces of 1/2 in. thick plywood measuring 26 x 5 in. Refer Figure
16.2.4.1.1 for steps 16.2.4.1 through 16.2.4.1.6.

Label the pieces A and B.
Cut one (1) piece of 1/2 in. plywood measuring 26 x 12 in.
Label this piece C.
Cut one (1) piece of 1/2 in. plywood measuring 12 X 5 in.
Label this piece D.
Place (4) 1/2 in. wide x 1/4 in. deep router grooves in piece C, parallel to the long
edge of piece C extending the full length of piece C, at the following distances from
the left edge of piece C. Refer to Figure 16.2.4.7.1 for steps 16.2.4.7 through
16.2.4.14:

2 in. from left side, label as a

3 in. from left side, label as b

4.24 in. from left side, label as ¢
6.40 in. from left side, label as d
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16.2.4.1.1 Plywood Cuts

Figure
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16.2.4.8 In piece D place (4) 1/2 in. wide x 1/2 in. deep router grooves, parallel to 5 in. edge
extending the full height of the edge, at the following distances from the left edge of
piece D:
2.25 in. from left side, label as a
3.25 in. from left side, label as b
4.49 in. from left side, label as ¢
6.40 in. from left side, label as d
16.2.4.9 Lay piece C on floor.
16.2.4.10 Stand piece A on its side on the floor parallel to left side of piece C.
16.2.4.11 Nail pieces A and C together and secure with wood glue.
16.2.4.12 Stand piece D on its 12 in. edge and line up with rear sides of pieces A and C.
16.2.4.13 Nail piece D to pieces A and C and secure with wood glue, to form a three sided box.
16.2.4.14 Place long edge of piece B in groove a of piece C.
16.2.4.15 Lay piece alW of Lexan lengthwise inside of wooden frame and on top of piece C,
and flush against piece D. Refer to figure 16.2.4.15.1 for steps 16.2.4.15 through
16.2.4.31.

16.2.4.16 Place piece alH of Lexan lengthwise inside of wooden frame and with edges flat
against pieces A and D.

16.2.4.17 Hold pieces alH and alW flat and flush with each other.
16.2.4.18 Take Polyzap glue and run a bead along inside corner of piece alH and alW.

16.2.4.19 Place piece a2H of Lexan lengthwise inside of wooden frame and with edges flat
against pieces B and D.

16.2.4.20 Hold pieces a2H and alW flat and flush with each other.

16.2.4.21 Take Polyzap glue and run a bead along inside corner of piece a2H and alW.
16.2.4.22 Remove three (3) sided Lexan box from jig.

16.2.4.23 Install bearings per section 1.3.

16.2.4.24 Lay piece a2W horizontally and lengthwise on top of pieces alH and a2H and with.
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Figure 16.2.4.15.1 Construction of Arm Links
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16.2.4.25 Line up corners of piece a2W with corners of three sided Lexan box.

16.2.4.26 With a small amount of Polyzap tack the corners of piece a2W to the corners of the

three sided box.

16.2.4.27 Make sure that piece a2W is lined up correctly.

16.2.4.28 Take Polyzap glue and run a bead along the inside corners of pieces a2H and alW.

16.2.4.29 Stand Lexan box on end.

16.2.4.30 Take Polyzap glue and run a bead along all four outside edges of Lexan box.

16.2.4.31 Repeat steps 16.2.4.15 through 16.2.4.30 for sections 2 through 4 of the arm.

16.3

16.3.1

16.3.1.1

16.3.1.2

SLIDER BEARINGS

To facilitate a smooth action between the telescoping sections of the model arm, a
cabinet drawer slide, model number 1284 WH manufactured by the Knape and Vogt
MFG. Co. of Grand Rapids, Michigan was selected. These slider bearings are rated
for 445 N capacity and should work well for modeling purposes. For the 33 cm
extension sections, the 450 mm length was chosen and can be used without
modification. However, for the 66 cm extension section two sets of the 610 mm length
will have to be sectioned and made to fit this section.

For ease of installation and clarity, a nomenclature will be established for the parts to
be assembled. The end of each section which will be closest to the payload end shall
be considered the front, while the end closest to the ball screw and shaft shall be called
the rear. While assembling only consider the interface between two adjacent telescopic
sections at one time. From now on the section that will fit inside the next larger
section will be called the male section while the larger section shall be called the
female section. Also, the slider bearing which attaches to the male section shall be
called the male slider member and the slider bearing which attaches to the female
section shall be called the female slider member.

Slider Bearings Installation

Determine the right hand female slider member from the left hand male slider member
by locating the stamped "CR" or "CL" on the slide members, respectively.

Determine the right hand male slider member from the left hand male slider member
by locating the stamped "DR" or "DL" on the slide members, respectively.
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16.3.1.3

16.3.1.4

16.3.1.5

16.3.1.6

16.3.1.7

16.3.1.8

16.3.1.9

Align male slider members to the outside bottom of the male section, flush with the
front of the male section with the rollers located at the rear (Figure 16.3.1.3.1).

Drill a hole for the screws through the vertically oriented side slots using a 7/64 in.
drill bit.

Fasten male slider member to male section using No. 6 x 7/16 in. flat head screws.

Drill and fasten with remaining screws as indicated above, but use the horizontal or
circular slots, for a total of four screws per member.

Rest female slider member inside on the bottom of the female section with the roller
end to the front and flush with the front end of the female section (Figure 16.3.1.7.1).

Repeat steps 4, 5 and 6 for female slider members.

File down all protruding screw ends with a metal file or grinder.

16.3.1.10 Insert male members by guiding male slider member rollers over female slider member

16.4

16.4.1

16.4.1.1

16.4.1.2

16.4.1.3

16.4.1.4

16.4.1.5

rollers and insert male section into female section. To remove, extend male section to
locked out position, then lift and pull.

ACTUATOR

The following nomenclature will be used in the assembly procedure of the actuator and
its components. The end of each section which will be closest to the end effector will
be considered the front, while the end closest to the ball-screw shaft shall be called the
rear. In consideration of the links, the link that will fit inside of the next larger one
will be called male, while the larger will be called the female section. The term outer
shall be considered the outside surface area of the specified link, while the term inner
shall mean the inside area of the specified link.

Actuator Arm Extension

Cut main body actuators 1-5 to specified length using an imp saw (Figure 16.4.1.1.1).

Cut interconnect tubing (Parts 1a - 4a; 2b - 5b; 1c - 4c¢) using an imp saw to 1/8(.125)
in,

Attach 4a to outer rear end of tube 4 using JB Weld.
Attach 3a to outer rear end of tube 3 using JB Weld.

Attach 2a to outer rear end of tube 2 using JB Weld.
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Figure 16.4.1.1.1 Actuator Arm Extension
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16.4.1.6 Attach la to outer rear end of tube 1 using JB Weld.
16.4.1.7 Attach 5b to inner front end of tube 5 using JB Weld.
16.4.1.8 Attach 4b to inner front end of tube 4 using JB Weld.
16.4.1.9 Attach 3b to inner front end of tube 3 using JB Weld.
16.4.1.10 Attach 2b to inner front end of tube 2 using JB Weld.
16.4.1.11 Insert actuator cable into inner rear of link 1.
16.4.1.12 Feed cable to inner front of link 1.

16.4.1.13 Screw a 5/32 (.15625) in. screw into front inner end of link 1 until the threads are no
longer seen.

16.4.1.14 Insert front male end of link 1 into rear female end of link 2,
16.4.1.15 Insert front male end of link 2 into rear female end of link 3.
16.4.1.16 Insert front male end of link 3 into rear female end of link 4.
16.4.1.17 Insert front male end of link 4 into rear female end of link 5.
16.4.1.18 Attach outer retention ring 4c to outer front of link 4 using JB Weld.
16.4.1.19 Attach outer retention ring 3c to outer front of link 3 using JB Weld.
16.4.1.20 Attach outer retention ring 2c to outer front of link 2 using JB Weld.
16.4.1.21 Attach outer retention ring 1lc to outer front of link 1 using JB Weld.
16.4.2  Mounting Bracket

16.4.2.1 Using a Lexan block with dimensions 1 x 3/8 x 1/4 in. (1.00 x .375 x .25), drill a 7/32
(.21875) in. hole through the block using a standard steel drill bit.

16.4.2.2 Drill one 1/8 (.125) in. bolt hole 1/8 (.125) in. over and 1/8 (.125) in. in from the
corner (Figure 16.4.2.2.1).

16.4.2.3 Drill one 1/8 (.125) in. bolt hole 1/8 (.125) in. over and 1/8 (.125) in. in from the other
corner (Figure 16.4.2.2.1).
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Figure 16.4.2.2.1 Mounting Bracket
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16.4.2.4

16.4.2.5

16.4.2.6

16.4.2.7

16.4.2.8

16.4.2.9

16.4.3

16.4.3.1

16.4.3.2

16.4.3.3

16.4.3.4

16.4.3.5

16.4.3.6

16.4.3.7

16.4.4

16.4.4.1

16.4.4.2

Section block using table saw at 1/4 (.25) in. up from the base (Figure 16.4.2.2.1).
Repeat process for second bracket.

Drill two 1/8 (.125) in. bolt holes through link 4 at 1 1/8 (1.125) in. out from the shaft
and 3/8 (.375) in. over from the centerline (Figure 16.4.2.6.1).

Drill one 1/8 (.125) in. bolt hole through base plate at 1/8 (.125) in. over and 1/8 (.125)
in. in from rear right corner (Figure 16.4.2.6.1).

Drill one 1/8 (.125) in. bolt hole through base plate at 7/8 (.875) in. over and 1/8 (.125)
in. in from rear right corner (Figure 16.4.2.6.1).

Bolt bottom sections of the mounting brackets through the pre-cut holes (steps 5 and
6) in link

Drive Channel

Cut the 7/32 (21875) in. aluminum tube to a length of 3 13/16 (3.8125) in. (Figure
16.4.3.1.1).

Bend tube at the 1 7/8 (1.875) in. mark to a 90 degree angle using a Manderel bender.

Bend the tube at the 3 1/4 (3.25) in. mark to a 100 degree angle using a Manderel
bender.

Place tube within mounting brackets and secure by tightening the bolts on the top of
the mounting brackets.

Push plastic actuator wire through the tube.
Attach tube to actuator arm extension using JB Weld.

Insert front of actuator link 1 into collar located in the front of arm link 1 and tighten
set screw using an Allen wrench to secure actuator (Figure 1.4.3.7.1).

Winding Assembly
Cut a 3 x 6 in. segment of 1/4 (.25) in. thick Lexan using a table saw.

Cut two extension blocks 3/4 x 2 x 1/4 in.(.75 x 2 x .25) out of Lexan using a table
saw.
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Figure 16.4.2.6.1 Mounting Bracket Drll Locations
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Figure 16.4.3.7.1 Actuator Fastening Collar
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16.4.4.3 Glue Lexan extension pieces to Lexan block using Polycarbonate Cement SC-325.
(Figure 16.4.4.3.1).

16.4.4.4 Using a standard steel 1/8 (.125) in. drill bit, drill three axial 1/4 (.25) in. deep holes
for drive wheels and take-up assembly (Figure 16.4.4.4.1).

16.4.4.5 Tap spring loaded take-up reel assembly into axial hole using a small hammer.
16.4.4.6 Place 3/8 (.375) in. O-ring into groove on drive-pulley.

16.4.4.7 Slide in drive axle until 1/4 (.25) in. of the axle protrudes from the top of the drive
pulley.

16.4.4.8 Slide inverted 4 mm hexagonal socket over the top of the drive pulley and JB Weld.
16.4.4.9 Tap drive wheel assembly into axial hole using a hammer (Figure 16.4.4.9.1).
16.4.4.10 Repeat steps 6 through 9 for second drive assembly.

16.4.4.11 Drill 1/4 (.25) in. hole in the top of link 4, 6 in. from the front and 1 7/8 (1.875) in.
from the center line.

16.4.4.12 Feed arm extension wire through wheels and attach to take-up assembly by the use of
the small hole in the reel.

16.4.4.13 Glue winding assembly plate onto the Lexan supports (attached to link 4) so that the
front of the plate is flush with the front of link 4.

16.4.4.14 Insert drive axle through the top of link 4 and secure into hexagonal socket.
16.5 MODEL STAND

The stand for the UCF model of the CELSS chamber robot arm is designed for
strength, simplicity, ease of operation, and transportation. The general design consists
of a 48 X 48 X 0.25 inch aluminum base, a 2.006 inch diameter aluminum sleeve
supported by four equally spaced 8 X 8 X 0.25 inch triangular flanges and a 5.5 ft
steel pipe (Figure 16.5.1). Special pin holes in the steel pipe allow the Lexan model
of the telescoping arm to be supported through the use of a 0.5 inch diameter steel pin
which is 8 inches in length. The tolerances between the aluminum sleeve and the steel
pipe will be 0.003 inch to prevent material binding between the sleeve and the steel
pipe. The four aluminum flanges are welded onto the aluminum sleeve, and both the
sleeve and the flanges are welded to the rectangular base. The actual steps for
construction are as follows:
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16.5.1

16.5.2

16.5.3

16.5.4

16.5.5

16.5.6

16.5.7

16.5.8

16.5.9

16.6

16.6.1

16.6.1.1

16.6.2

16.6.2.1

16.6.2.1.1

Obtain a 48 X 48 X 0.25 inch section of sheet aluminum to serve as the model base.
Obtain a 16 X 8 X 0.25 inch section of sheet aluminum and cut it into 4 right triangles

each with a 6 inch base and 8 inches in height. Sand off all sharp edges with standard
metal file.

Obtain a 12 inch length section of aluminum pipe with an inner diameter of 2.006
inches to serve as the sleeve.

Weld the 8 inch section of each triangular flange to the aluminum sleeve at 90 degree
intervals.

Place the sleeve and flange assembly onto the center of the square aluminum base with
the flanges perpendicular to the center of each 48 inch side of the base.

Weld each 8 inch base of the four triangular flanges and the base of the aluminum
sleeve securely to the square base.

Obtain a 2 inch outer diameter section of steel pipe that is 5.5 feet in length.
Drill six 0.5 inch diameter pin holes into the steel pipe using a drill press and standard
metal drill bit. Space these pin holes at 8 inch intervals measuring from the top of the

pipe in a straight line.

To assemble model stand for use, place the 5.5 ft steel pipe into the aluminum sleeve
and pin the Lexan model of the arm securely using an 8 inch, 0.5 inch diameter steel

pin.

AESTHETICS

Guidelines

This section will give instructions as to the appearance of the telescopic link. All pre-
operational procedures will be adhered to by all team members involved in the setting
up of the telescopic link.

Pre-Operational Procedure

Inspect the arm for sharp edges visually before the telescopic link is installed into the
chamber.

File down all sharp edges by using a fine file or 600-800 grit sandpaper. Then,
inspect all edges with hand to ensure a smooth finish.
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16.6.2.2

16.6.2.3

16.6.2.4

16.6.2.5

16.6.2.6

Remove any tools not used in the operation of the telescopic arm from the CELSS
chamber before the telescopic link is attached as not to interfere with the operation.

Paint the stool and bottom platform. The paint used is a spray paint called Zinc-
Chromate. Zinc-Chromate is a spray paint of yellowish color and is available at any
hardware store. ( A more suitable color may be applied over the zinc-chromate).

Clean the Lexan telescopic links with liquid alcohol or liquid freon before the
telescopic link is brought into the CELSS chamber.

Install the NASA and UCF logos to the side of main link (first link above the stand).
If the logos have to be glued to the telescopic link, use a silicon type adhesives, i.e.
silicon glue.

If buffing of the Lexan is desired, a stainless composition called lead-center muslin will
be required. This component is a buffing pad attached to a portable drill. Apply
medium pressure since heavy pressure tends to burn or distort the Lexan. After the
buffing is complete, wipe Lexan with liquid alcohol or liquid freon.

Chapter 17.0 SCHEDULING

17.1

Logic and Gantt charts are used to maintain an orderly design schedule. The Gantt
chart is used to separate each task and provide a timetable for its beginning and
completion. The Logic chart shows the sequence in which each task is placed along the
design path.

LOGIC CHART

To show the order in which each task is performed, a Logic chart has been constructed.
A Development Logic chart shows the path of the overall design process, and a Test
Logic chart shows the test process.

The Development Logic chart (Figure 17.1.1) begins with the orientation of new
members and the reestablishment of design objectives. The system design has been
modified to accommodate these new objectives. A model design was derived for the
testing of the telescoping arm on-site at NASA. Rough drawings will be developed into
detailed drawings for fabrication of a final working plan. Material selections were made
using kinematic and deflection analyses. Vendors and/or manufacturers will be found
for all model components. Procurement of components will begin on 2/17/94. Pre-
testing of components and model assembly will be completed by 3/24/94.

Testing of the model will be performed as shown in the Testing Logic chart (Figure

17.1.2). Pretesting of components will include; crack, dimension, hole alignment, burr,
adhesive/fastener, bearing mounting, load, actuation, collapsibility, cable reel, stand
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attachment, stability, safety, and aesthetics. Testing of the model on-site will include:
fit, deflection.

17.2 GANTT CHART

Graphical display of the design scheduling is shown in the Development Gantt chart
(Figure 17.2.1) and the Testing Gantt chart (Figure 17.2.2). These charts will be used
to tra